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CO oscillator mass, this was taken as indicative of a weaker force con¬ 
stant for the Mn-CH 3 versus Mn-CO stretch. Huang et al. (67) have 
conducted a vibrational study on the effects of high external pressures on 
the structures and phase behaviors of IM(CH 3 )(CO) 5 ] (M = Mn, Re). The 
vibrational data indicated that both [Mn(CH 3 )(CO) 5 ] and [Re(CH 3 )(CO) 5 ] 
undergo a phase transition (most probably second order); the manganese 
species at around 9 bar and the rhenium species at around 22 bar. 

A monosubstituted metal carbonyl of the type [M(R)(CO) 3 ] (M = Mn, 
Tc, Re) possesses C 4V symmetry, for which formal symmetry rules pre¬ 
dict the following vibrations for the carbonyl groups (62): E, allowed, x,y 
polarized; 2Ai, allowed, z polarized; B i, forbidden. One can expect a 
strong band, a band which is less strong by a factor of four, and a third, 
much weaker band (62). This is in fact the pattern observed for most 
[M(R)(CO) 5 ] (M = Mn, Re) species. When M is Mn, these bands occur 
typically at around 2115 cm' 1 (weak, A|), 2012 cm" 1 (strong, £), and 1990 
cm' 1 (medium, A,) (in hydrocarbon solvents) (25). The corresponding 
values for rhenium are 2125, 2010, and 1979 cm -1 (65). Studies ( 16-18,42) 
on the homologous series [M(R)(CO)s] (M = Mn, Re; R = CH 3 to 
n-Ci 8 H 3 7 ) showed that there was no significant variation in i'(CO) on 
changing the length of the alkyl chain. 

The B\ transition can sometimes be observed for alkyl manganesepenta- 
carbonyl species. Noack et al. (28) observed the B\ band to be absent in a 
heptane solution of [Mn(CH 3 )(CO) 5 ], but it appeared in diethoxydiethyl 
ether (at 2044 cm' 1 ); thus, the solvent may interact with these complexes, 
altering the symmetry sufficiently to bring about the appearance of the 
otherwise inactive B\ band. The frequencies of the terminal carbonyl 
vibrations are relatively insensitive to the nature of R. Long and co¬ 
workers (64,65) have recorded infrared spectra in the CH and CD stretch¬ 
ing regions for various methyl manganese- and rheniumpentacarbonyl 
isotopomers (methyl = CH 3 , CD 3 , CHD 2 , CH 2 D). The spectra of these 
species were qualitatively interpreted in terms of a C-H stretching force 
constant which varies with the internal rotation angle of an essentially 
freely rotating methyl group. An A, force field calculation for all vibra¬ 
tions showed that all the metal-carbonyl carbon bonds increase in 
strength from manganese to rhenium, whereas the methyl carbon-hydro- 
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gen bonds are weakened. The axial and equatorial metal-carbonyl bonds 
in [Re(CH 3 )(CO) 5 ] are equal in strength, indicating a negligible trans effect 
on the part of the methyl ligand. 

The above two studies concluded that internal rotation of the methyl 
group in [Mn(CH 3 )(CO) 5 ] is essentially free, with the C-H stretching 
frequency showing a slight dependence on orientation. However, these 
conclusions were based on measurement of infrared bands with no resolu¬ 
tion of rotational structure, and this limited the information available. 
High-resolution infrared studies by Gang et al. (66) confirmed that any 
restriction of rotation of the methyl group was below the limit of detection 
by this method. 


3. NMR Spectroscopy 

Very few studies on alkyl and acyl derivatives of manganese- and rhe- 
niumpentacarbonyl report the use of NMR spectroscopy as a tool to 
probe structure. The majority of studies have used NMR data for kinetic 
measurements (67) or merely to obtain characterization data to aid in 
identification. The first detailed NMR study was that of Davison et al. 
(14), who obtained 'H NMR spectra of a series of [M(R)(CO) 5 ] com¬ 
pounds (M = Mn, Re; R = H, CH 3 , C 2 H 5 , COC 2 H 5 ). The spectra of the 
methyl and ethyl derivatives showed that, as with non-transition metal 
alkyl compounds (14), the screening of the alkyl protons could not be 
adequately described on the basis of inductive and paramagnetic effects. 
The terminal carbonyl groups could conceivably contribute to this lack of 
correlation by producing long-range screening contributions at the alkyl 
proton positions. In general, proton resonances for alkyl groups cr-bonded 
to the manganesepentacarbonyl moiety range from -0.89 to 7.23 ppm 
(R = CH 3 to CF 2 H) and those for rhenium, -0.77 to 1.77 ppm ( R = CH 3 
to CH 2 CH 3 ). 

Calderazzo et al. (68) have measured 55 Mn NMR spectra for various 
[Mn(R)(CO)j] compounds and found the chemical shift (in ppm) to in¬ 
crease as the electron-donating ability of R increased. Webb and Graham 
(69) have reported l3 C NMR data for some [Re(R)(CO) 5 ] compounds 
which showed that the carbonyl carbon atoms trans to R are more 
shielded than those cis to R. When compared to l3 C NMR data known for 
[Mn(R)(CO) 5 ] species (70), it appears that the generally observed increase 
in shielding of carbonyl carbon atoms on descending a periodic group (for 
transition metals) is in evidence for manganese and rhenium. 

Studies (16-18,42) on the homologous series [M(R)(CO) 5 ] (M = Mn, 
Re; R = CH 3 to n-C| 8 H 37 ) showed that there is no significant variation in 
chemical shift of any of the peaks in the 'H NMR spectra when changing 
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the length of the alkyl chain. Thus, integration is the only method of 
distinguishing between these compounds using 'H NMR measurements. 

4. Mass Spectrometry 

Few mass spectral data are available for [Mn(R)(CO) 5 ] compounds and 
almost none for the analogous [Re(R)(CO) 5 ] species. Available informa¬ 
tion has mainly been reported as characterization data and has not been 
analyzed in any detail. The only detailed study known is that of Mays and 
Simpson (71), who reported complete positive ion mass spectra of four 
complexes: [Mn(CH 3 )(CO) 5 ], [Mn(C 6 H 5 )(CO) 5 ], [Mn(CF 3 )(CO) 5 ], and 
[Mn(S0 2 CH3)(C0) 5 ]. The metal-containing ions were classified according 
to the mode of derivation from the molecular ion as follows: (i) loss of 
carbonyl groups, (ii) loss of R, (iii) loss of ligand fragments from the atom 
attached to manganese, and (iv) transfer of groups or atoms from R to 
manganese. Each process may involve more than one mechanism, for 
example, for [Mn(CH 3 )(CO)s] (Scheme 2). 

The only mass spectra reported for alkyl rheniumpentacarbonyl spe¬ 
cies are those for the binuclear compounds [(CO) 5 ReCH 2 CH(CH 3 )Re- 
(C0) 5 ] (20) and (CO) 5 Re(CH 2 )„Re(CO) 5 ] (n = 3,4) (23). For the latter 
two compounds, molecular ions of low intensity were observed. 
[(CO)sRe(CH 2 ) 4 Re(CO) 5 ] followed a fragmentation pattern similar to that 
of the analogous manganese compound (23), namely (i) loss of CO, (ii) 
loss of the hydrocarbon bridge to form [Re 2 (CO) ]0 ], and (iii) loss of 
[Re(CO) 5 ], However, for [(CO) 5 Re(CH 2 ) 3 Re(CO) 5 ], the major decomposi¬ 
tion pathway involved initial elimination of C 3 H 6 . 

Studies (16-18,42) on the homologous series [M(R)(CO) 5 ] (M = Mn, 
Re; R = CH 3 to rt-Ci 8 H 37 ) showed similar patterns, that is, sequential loss 
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of carbonyl ligands followed by sequential loss of methylene frag¬ 
ments. A high-resolution mass spectral study on the compound 
[Mn{(CH 2 )nCH 3 }(CO) 5 ] also showed evidence for remote functionaliza¬ 
tion (18,72) whereby a C-H bond of the methyl group of the alkyl chain 
can be activated by a coordinatively unsaturated metal atom to give a 
metallocyclic species. Further loss of hydride could occur by /3-hydride 
elimination without cleavage of the remaining alkyl residue, as shown in 
Scheme 3. 


C. Theoretical Studies 

A theoretical study (molecular orbital calculations based on density 
functional theory, using a modified Hartree-Fock-Slater method) on the 
bond lengths and bond strengths in [M(CH 3 )(CO)j] (M = Mn, Tc, Re) has 
been reported by Ziegler et al. (15). The results are shown in Table I. The 
results for the manganese and rhenium species are in good agreement with 
reported experimental values (49,51,52). The increase in bond dissocia¬ 
tion energies as the triad is descended can be accounted for by the in¬ 
creased steric crowding from Mn to Tc to Re. This report is, to the best of 
our knowledge, the only report of an alkyl compound of technetiumpenta- 
carbonyl in the literature. It is, however, a theoretical study; no alkyl 
compounds of technetiumpentacarbonyl have as yet been synthesized. 
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TABLE I 

Calculated Bond Distances and Energies for 
[M(CH 3 )(CO) 5 ] 


M 

Bond length (A) 

Bond energy (M-CH 3 ) 
(kJ/mol) 

Mn 

2.16 

153 

Tc 

2.26 

178 

Re 

2.27 

200 


IV 

REACTIONS OF ALKYL(PENTACARBONYL) COMPOUNDS OF THE 
MANGANESE GROUP 

A. Reactions of Manganesepentacarbonyl Alkyls 

Methyl manganesepentacarbonyl, [Mn(CH 3 )(CO) 5 ], is one of the most 
widely studied compounds in organo-transition metal chemistry. The re¬ 
actions that have been reported for this and related compounds are exten¬ 
sive; however, they can be divided into six main categories, namely, (l) 
reaction with transition metal hydrides, for example, [CpW(H)(CO) 3 ]; (2) 
addition of Lewis acids, for example A1C1 3 ; (3) orthometallation reac¬ 
tions; (4) reaction with cationic species, for example, H + ; (5) reaction 
with anionic nucleophiles, for example, [CpFe(CO) 2 ]~; (6) reaction with 
neutral nucleophiles, for example, PPh 3 . Each of these categories will be 
discussed separately, although it should be borne in mind that this ac¬ 
count is not fully comprehensive since it would be beyond the scope of 
this article to provide a complete review of every reaction ever reported 
for [Mn(R)(CO) 5 ] compounds. Consequently, only several of the more 
important and representative reactions from each category have been 
selected for discussion. Furthermore, reaction of [Mn(R)(CO) 5 ] with neu¬ 
tral nucleophiles is covered as a separate subsection (Section III,B) be¬ 
cause of the extensive body of information available. 

1. Reaction of [Mn(R)(CO) 5 j with Transition Metal Hydrides 

The reaction of [Mn(R)(CO) 5 ] with transition metal hydrides usually 
results in the formation of di- or polynuclear complexes. For example, the 
reaction of [Mn(CH 3 )(CO) 5 ] with various transition metal hydrides has 
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been reported (50) [Eq. (15) and (16)]. Thus, in coordinating solvents the 
metal-containing products are solvated dinuclear species, and in noncoor¬ 
dinating solvents they are polynuclear hydrides formed by coordination of 
a second equivalent of hydride (the vacant coordination site is created on 
manganese). 

[Mn(CH))(CO) 5 ] + M—H — — > [MMn(CH,)(CO) 4 ) + CHjCHO (15) 

M—H = [Re(H)(CO) 3 ], [CpW(H)(CO) 5 ] (Cp = tj 3 - C 3 H 3 ) 

[Mn(CH)j(CO) 3 ] + 2[Re(H)(CO),] [Mn(H)Re 2 (CO), 4 ] + CHjCHO (16) 

The reaction of [Mn(R)(CO) 5 ] with [Mn(H)(CO) 5 ] in noncoordinating 
solvents results in the formation of dimanganese V-aldehyde complexes, 
[Mn 2 (y-RCHO)(CO) 9 ] (47). The reductive elimination of [Mn(R)(CO)s] by 
[Mn(H)(CO) 5 ] can yield either RH or RCHO compounds, depending on 
the reaction conditions (73,74) [Eqs. (17) and (18)]. 

[Mn(R)(CO),l + [Mn(H)(CO) 3 ] [Mn 2 (CO) l0 ] + RH (17) 

[Mn(R)(CO) 3 ] + [Mn(HKCO),] ■— “ ■ CN " > [Mn 2 (CO) 10 ] + RCHO (18) 

CfcHft, CO 

R - p-CHjOC^CHz, CH 2 C 6 H 5 


2. Reaction of [Mn(R)(CO) 5 ] with Lewis Acids 

One of the earliest reports concerning reaction of [Mn(R)(CO) 5 ] with 
Lewis acids came from Shriver and co-workers (75), who reacted 
[Mn(R)(CO) 5 ] with AlBr 3 (Scheme 4). The purpose of the Lewis acid is to 


[Mn(R)(CO) s ] + AlBr, 


-► (CO) 4 Mn—C—R 

I \ 

Br O 

\/ 

BfjAl 


CO 

-► [Mn{C(OAlBrj)R}(CO)J 


(R = CH y CH 2 Ph) 


Scheme 4, 
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[Mn(CH 3 )(CO) 5 ] + 7-AI 2 0 3 
(CO) 5 Mn-C-CH 3 

O ◄ 

I 

Al-O-AJ-O-AJ- 


facilitate alkyl migration by providing an electron-rich atom to fill the 
vacant coordination site. The Lewis acid, therefore, does not merely 
increase the rate of reaction with CO; it actually induces a CO insertion, 
providing an alternative reaction route by way of two intermediate steps. 
Similar results were obtained using A1C1 3 and BF 3 in place of AlBr 3 . 

Richmond et ai (76) have reported the Lewis acid-assisted carbonyla- 
tion of [Mn(CH 3 )(CO) 5 ] with AlBr 3 , AICI 3 , AlCl 2 Et, and AlClEt 2 and have 
obtained kinetic data. The reactions involving AlCl 2 Et and AlClEt 2 gave 
the following results: k 0B s for AlCl 2 Et, 10 mol/second; k 0B s for AlClEt 2 , 
0.37 mol/second. Nolan et ai (77) measured the enthalpy of reaction 
for the formation of [Mn{C(OAlBr 3 )(CH 3 )}(CO) 4 ] from AlBr 6 and 
[Mn(CH 3 )(CO) 5 ] and reported a A H value of — 167.4 kJ/mol. Correa et al. 
(78) reported acceleration of the carbonylation reaction by y-alumina, 
also via formation of a cyclic adduct (Scheme 5). 

Two theoretical studies on this topic have been reported (79,80) which 
indicate that when the Lewis acid coordinates to the carbonyl oxygen, it 
activates that group toward alkyl migration by withdrawal of electron 
density. This lowers the energies of both bonding and antibonding orbit¬ 
als. 

3. Orthometallation Reactions 

Orthometallation reactions are reactions between an organic compound 
containing a substituted benzyl or phenyl group (which will then act as a 
donor ligand) and an organometallic compound. Electron-withdrawing 
substituents on the aromatic ring tend to activate it. The reaction is 
thought to occur via formation of an initial metallated complex of the 
organic compound through carbonyl displacement. Further dissociation 
of CO gives a sixteen-electron intermediate that can undergo oxidative 


CH. 


fast 


-► (CO) 4 Mn—C 


CO 


o 

AJ-O-Al-O-AJ- 


Scheme 5. 
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[MnCCHjXCOJJ + MCjNCHjPh -► 

-CO 

cis-IMnCCHjXCOJ^MejNCHjPh)] -► 

[^(CHjMCOJ^MejNCHjPh)] -► 

16 -electron complex 




addition to an ortho C-H group of the aryl ring. Reductive elimination of 
methane then gives the final product. For example, the reactions shown in 
Scheme 6 have been reported by Bennett et al. (81). 

Most orthometallation studies have involved reactions between 
[Mn(R)(CO> 5 ] compounds and either nitrogen or phosphorus donor li¬ 
gands such as PhN=CHPh or P(OPh) 3 . Relatively few authors have in¬ 
vestigated orthometallation with oxygen donor ligands, although McKin¬ 
ney et al. (82) have described the metallation of acetophenone with 
[MnCCHjXCO),] [Eq. (19)]. 


[Mn(dy(CO)J +<g)-C 


N N:h, 



(19) 


Another report (83) of an orthometallation reaction involves the reac¬ 
tion of 1,3-diacetylbenzene with [Mn(CH 2 Ph)(CO)j] to give the mono- and 
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Fig. 2. 



Products of the reaction of 1,3-diacetylbenzene with [Mn(CH 2 Ph)(CO) 5 ]. 


dicyclamanganated complexes shown in Fig. 2. The structure of the di- 
manganated complex was confirmed by X-ray crystal structure determi¬ 
nation. Analogous orthometallated compounds were formed with 1,4- 
diacetylbenzene. An extensive review of orthometallation reactions using 
[Mn(R)(CO) 5 ] compounds prior to 1982 is given by Treichel et al . (43, 
pages 78-85). 

4. Reaction of [Mn(R)(CO) 5 ] with Cationic Species 

Reaction of [Mn(R)(CO) 5 ] with cationic species often results in cleav¬ 
age of the manganese-alkyl carbon bond. Thus, the reaction of 
[Mn(CH 3 )(CO) 5 ] with sulfuric or hydrochloric acid produces methane (84) 
[Eq. (20)]. The reaction is believed to occur via oxidative addition of the 
acid followed by reductive elimination of CH 4 . 

[Mn(CH 3 )(CO) 5 ] + HA —» [Mn(A)(CO) s ] + CH 4 (20) 

HA = H 2 S0 4 , HC1 

The gas-phase reaction of [Mn(CH 3 )(CO) 5 ] with various proton donors 
(BH + ) has been reported (85). The products of the reaction were found to 
depend on the nature of B. 

[Mn(CH 3 )(CO) 5 ] + HA + CO —» [Mn(COCH 3 )(CO) 5 ] + HA (21) 

A study by Butts et al. (86) was carried out on the reaction of 
[Mn(CH 3 )(CO) 5 ] with various acids in the presence of CO [Eq. (21)]. The 
acid was found to increase the rate of alkyl migration. Interestingly, in 
most cases, the acid does not cleave the Mn-COCH 3 or Mn-CH 3 bonds. 
The order of increase in the alkyl migration rate was HA = CF 3 C0 2 H > 
CCI 2 HCO 2 H > CC1H 2 C0 2 H. When HA is HBr, manganese-carbon bond 
cleavage occurred to give [Mn(Br)(CO) 5 ] and CH 4 . The binuclear complex 
[(CO) 5 Mn(CH 2 ) 4 Mn(CO) 5 ] was found to react with HC1 to give the ex¬ 
pected cleavage products (23) [Eq. (22)]. 

[(CO) 5 Mn(CH 2 ) 4 Mn(CO) 5 ] + 2HC1 2[Mn(Cl)(CO) 5 ] + «-C 4 H, 0 (22) 

A relatively recent study by Motz et aL (40) involved the reactions of a 
variety of [Mn(R)(CO)_d compounds with acids (CF 3 S0 3 H or HBF 4 ) to 
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give the expected cleavage products [Eq. (23)]. The rate of manganese- 
alkyl carbon bond cleavage was found to increase in the order R = H, 
CH 3 , Ph, p-CH 3 C 6 H 4 , p-CF 3 C 6 H 4 > CH 2 Ph > p-ClC 6 H 4 CH 2 = p- 
CH 3 OC6H 4 CH 2 > PhCH 2 CH 2 . All reactions were slower with HBF 4 than 
with CF 3 S0 3 H. 

[Mn(R)(CO)j] + HA -» [Mn(A)(CO) s ] + RH (23) 

The reaction of ethyl manganesepentacarbonyl with Ph 3 CBF 4 results in 
/3-hydride abstraction, giving a complex with coordinated ethylene as a 
ligand (12) [Eq. (24)]. 

[Mn(CH 2 CH 3 )(CO) 5 ] + Ph 3 CBF 4 — [Mn(CH 2 =CH 2 )(CO) 3 ]BF 4 (24) 


5. Reaction of [Mn(R)(CO)<J with Anionic Nucleophiles 

The reaction of [Mn(R)(CO) 3 ] with anionic nucleophiles most com¬ 
monly proceeds via alkyl migration followed by nucleophilic attack at the 
now coordinatively unsaturated manganese atom. For example, the reac¬ 
tion of [Mn(CH 3 )(CO) 5 ] with lithium iodide is known (87) [Eq. (25)]. The 
same types of products result from the reaction of [Mn(CH 3 )(CO) 5 ] with 
OCHr, SCN-, and CN“. 

[Mn(CH 3 )(CO) 3 ] + Lil - Li[Mn(COCH 3 )(I)(CO) 4 ] (25) 

The reaction of [Mn(CH 3 )(CO) 3 ] with X" (X = H or OCH 3 ) was investi¬ 
gated, with a view to protonating the expected acyl anionic species. How¬ 
ever, the isolated product was a trinuclear hydride (88) [Eq. (26)]. 

[Mn(CH 3 )(CO) 5 ] + X - [Mn 3 H 3 (CO), 2 ] (26) 

The reaction of [Mn(CH 3 )(CO) 5 ] with X" (X = Cl, Br, or I) leads to the 
formation of halogenoacyl anions which can be protonated to give hy- 
droxycarbenes (89) [Eq. (27)]. These were some of the first hydroxycar- 
bene complexes to be isolated and characterized. 

[Mn(CH 3 )(CO) 3 ] + X — [Mn(COCH 3 )(X)(CO) 4 ]- HiF ° 4 > 

ciHMn{C(OH)(CH 3 )}(X)(CO) 4 ] (27) 

The reaction of [Mn(CH 3 )(CO) 5 ] with Na[M(CO) 5 ] (M = Mn, Re) fol¬ 
lowed by CH 3 0S0 2 F gives bimetallic carbene complexes [(CO)jMMn- 
[C(OCH 3 )(CH 3 )}(CO) 4 ] (90). The reaction of [Mn(CH 3 )(CO) 5 ] with OH~ 
followed by ally! bromide led to the formation of [Mn(7) 3 -C 3 H 5 )(CO) 4 ] and 
reductive elimination of methane (91) (Scheme 7). The reaction of 
[Mn(CH 3 )(CO) 5 ] with germyl lithium species gave anionic compounds 
[Eq. (28)] which were either isolated as tetraethylammonium salts or al- 
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Scheme 7. 


kylated to give carbene complexes (92). The reaction of [Mn(CH 3 )(CO) 3 ] 
with Ph 3 CBF 4 gives [Mn(FBF 3 )(CO) 5 ] which can subsequently be con¬ 
verted to the binuclear complex [(CO) 5 MnCH 2 CH 2 Mn(CO) 5 ] (20). 

[Mn(CH,)(CO) 5 ] + RjGeLi -► Li[Mn(COCH,)(GeR 3 )(CO) 4 ] (28) 

R 3 = Ph 3 or MePh-l-naphthyl 

A study by Wang and Atwood (93) involved the reaction of 
[Mn(R)(CO) ; ] (R = CH 3 , CH 2 Ph, Ph) with Na[CpFe(CO) 2 ]. The reaction 
resulted in transfer of R to Na[CpFe(CO) 2 ] to give [CpFe(R)(CO) 2 ] and 
generation of [Mn(CO) 5 ]“. The reactions were found to be first order in 
Na[CpFe(CO) 2 ] and in [Mn(R)(CO) 5 ], A dependence of the rate on R was 
observed: CH 2 Ph > CH 3 > Ph; this is consistent with a nucleophilic 
attack mechanism. 

B. Reaction of Manganesepentacarbonyl Alkyls with 
Neutral Nucleophiles 

Reaction of [Mn(R)(CO) 5 ] with neutral nucleophiles is by far the most 
widely studied type of reaction for [Mn(R)(CO) 3 ] compounds. The reac¬ 
tion usually involves addition of the neutral neucleophile, L, and is ac¬ 
companied by CO insertion/alkyl migration to form an acyl species [Eq. 
(29)]. L is usually a tertiary phosphine (PR 3 ), an alkylated amine 
(RNH 2 ), or free carbon monoxide. Besides being a carbon-carbon bond 
forming reaction of fundamental importance, alkyl migration reactions of 
transition metal alkyl species have direct relevance to catalysis, espe¬ 
cially for the OXO or hydroformylation process (2), the Monsanto acetic 
acid synthesis (2), and the synthesis of ethylene glycol (94). 
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[Mn(R)(CO) 5 ] + L -» [Mn(COR)(CO) 4 (L)] (29) 


1. Kinetics and Mechanism of Alkyl Migration 

a. Mechanistic Studies. Over the years, various mechanisms have 
been proposed for the alkyl migration reaction. For example, Calderazzo 
and Cotton proposed (95) that an activated complex was formed by direct 
combination of L with [Mn(R)(CO)s] without any solvent participation. 
However, it is now generally accepted that the reaction essentially pro¬ 
ceeds by migration of the alkyl group to an adjacent (i.e., cis) carbonyl 
group (43,96) to form the coordinatively unsaturated species [Mn- 
(COR)(CO) 4 ] (see Scheme 8). Coordination of the incoming ligand then 
follows to form [Mn(COR)(CO) 4 (L)] products. That the reaction proceeds 
via alkyl migration rather than by direct CO insertion into the metal-alkyl 
carbon tr bond has been demonstrated by labeling studies (97,98). 

The general kinetic scheme shown in Scheme 8 has been developed 
for alkyl migration in [Mn(R)(CO)s] compounds. Thus, two pathways 
to the final product are available: (i) a second-order pathway 
(k[Mn(R)(CO) 5 ][L]) and (ii) a two-step sequence via the coordinatively 
unsaturated intermediate [Mn(COR)(CO) 4 ]. In polar solvents, this inter¬ 
mediate may exist as a solvated hexacoordinate species, [Mn(COR)- 
(CO) 4 (S)] (S = molecule of solvent). In the absence of a suitably polar 
solvent, the intermediate is thought to adopt a square-based pyramidal 
conformation (99,100) with the acetyl ligand occupying a basal position, 
although a ir-acyl derivative has also been proposed (101,102). 

Alkyl migration in [Mn(R)(CO) 5 ] species is assumed to follow a con¬ 
certed reaction pathway, namely, concomitant bond breaking and bond 
formation (3). Calderazzo and Cotton investigated the reaction of CO with 
[Mn(CH 3 )(CO)s] and obtained an activation energy of 61.9 kJ/mol for the 
alkyl migration process (95). This value is well below the reported bond 
dissociation energy of 184 kJ/mol for the manganese-methyl carbon bond 


+L 

[m>i(rHco)qJ v ^ - Cmti(corHco) 4 (lQ 
-L 

(+ 

[Mn(COR)(Cc4] 




Scheme 8. 
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in [Mn(CH 3 )(CO) 5 ] (49), supporting a concerted mechanism, that is, a 
three-centered transition state. 

The acyl compounds which are formed from the alkyl migration reac¬ 
tion initially adopt a cis geometry, but where the incoming ligand has a 
large steric profile they often isomerize to the trans form. This shows that 
the initial reaction is kinetically rather than thermodynamically con¬ 
trolled. A study reported in 1991, however, notes an example where the 
incoming ligand enters trans to the acetyl group in a related [Mn(R)- 
(CO) 3 (L 2 )] compound (103). The isomerization process has been shown 
to occur via a dissociative intermolecular process, namely, dissociation of 
L (104). 

b. Effect of Solvent. In solvents of relatively high polarity, it has been 
intimated that a solvent molecule may coordinate to the coordinatively 
unsaturated intermediate, [Mn(COR)(CO) 4 ], to form a solvated hexacoor- 
dinate species which stabilizes the reactive intermediate (43,96,105). A 
large, negative entropy of activation supports this suggestion (105). It has 
been proposed that the cleavage of the manganese-alkyl bond is assisted 
by the solvent, which then enters the coordination sphere of the metal. In 
a number of instances, the reaction rate has been found to increase with 
an increase in polarity of the solvent; the rate acceleration depends on the 
electron-donating ability of the solvent rather than its dielectric constant 
(106). 

Several studies on the effect of the solvent on alkyl migration have been 
reported by Cotton and co-workers ( 96,107-109 ), who found that elec¬ 
tron-donating solvents increase the rate of alkyl migration in substituted 
benzyl manganesepentacarbonyl compounds, [Mn(CH 2 C 6 H 5 _„X„)(CO) 5 ]. 
In some instances, the solvent-coordinated species was stable enough to 
be detected (96). In addition to influencing the reactivity, the coordinating 
ability of the solvent can affect the mechanism of alkyl migration. If a 
poorly coordinating solvent is used in conjunction with a strong nu¬ 
cleophile, L, the k i path (Scheme 8) can be suppressed and the /: 2 path 
may dominate. 

c. Effect of Entering Ligand. The effect of the entering ligand, L, is 
very closely related to the nature of the solvent. If the solvent lacks 
coordinating ability, then alkyl migration proceeds via attack of L on the 
alkyl compound. In a coordinating solvent, however, there will be compe¬ 
tition between the reaction of the intermediate, [Mn(COR)(CO) 4 (S)], with 
L to give the acyl product, [Mn(COR)(CO) 4 (L)], and its reversion to the 
alkyl, [Mn(R)(CO) 5 ]. If L is a strong enough nucleophile to capture the 
intermediate (solvated or not) then the k\ path will prevail, alone or in 
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conjunction with the k 2 path. Very few quantitative data are available on 
the effect of L, although one study was reported by Cotton et al. (107), 
who reacted [Mn(CH 2 Ph)(CO) 5 ] with a series of tertiary phosphines and 
found that the rate of alkyl migration increases with a decrease in the 
Tolman electronic parameter, v, of the phosphine (110), that is, with an 
increase in electron donation. 

d. Effects of Alkyl Group. Although both the solvent and incoming 
nucleophile can affect the rate of alkyl migration considerably, the nature 
of the alkyl group, R, has a far greater influence. Both steric and elecronic 
factors are important in determining the magnitude of this effect. Early 
studies indicated the following trend in reactivity with different R groups: 
R = n-Pr > Et > Ph > CH3 > CH 2 F >> CF 3 (11,111). A somewhat more 
recent study has substantiated this trend and added to the list of alkyl 
groups: R = n-Pr > Et > CHzQH,, > CH 2 CH 2 OCH 3 > CH 2 C 6 H 5 > 
CH 2 C0 2 H (112). This very facile carbonylation process for the ethyl and 
n-propyl derivatives may in fact be the reason for their high instability. 

There appears to be some discrepancy in the literature as to the reasons 
for the instability of [Mn(C 2 H 5 )(CO)j]. Several reports attribute the insta¬ 
bility to a facile /3-hydride elimination process (1,34,43,44). In fact, Coil- 
man et al. (1) make the following statement: “... the /3-hydride elimination 
reaction dominates the chemistry of alkyl ligands.” However, a /3-hydride 
elimination reaction would result in the formation of [Mn(H)(CO) 5 ] (which 
could decompose to [Mn 2 (CO)i 0 ]) and ethylene, yet it is propionyl 
manganesepentacarbonyl, not ethylene, which is one of the observed 
decomposition products of [Mn(C 2 Hs)(CO)5]. Gismondi and Rausch ther¬ 
mally degraded [Mn(C 2 H 5 )(CO)j] (at room termperature) and sublimed 
crystals of [Mn(COC 2 Hs)(CO)5] from the residue (46). Bearing in mind the 
high carbonylation rate for [Mn(C 2 H5)(CO) 5 ], it seems reasonable to con¬ 
clude that ethyl manganesepentacarbonyl probably decomposes by facile 
carbonylation (to propionyl manganesepentacarbonyl) rather than by /3- 
hydride elimination. We believe that the decomposition of ethyl (and 
n-propyl) manganesepentacarbonyls is more complicated than was 
originally suggested, and these decompositions are currently under 
investigation (113). 

Cotton and co-workers (107,114) investigated the reactions of a 
series of substituted benzyl manganesepentacarbonyl compounds, 
[Mn(CH 2 C 6 H 4 X)(CO)5] with PR 3 [Eq. (30)] in order to probe the steric and 
electronic effects of X on the alkyl migration reaction. The rate data were 
analyzed in terms of the reaction pathway proposed in Scheme 8. In the 
majority of cases there was no detectable contribution from the k 2 path¬ 
way. The rate constant, Atqbs (effectively k\), was found to increase signifi- 
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cantly with increasing electron-donating ability of the substituent. The 
most reactive substituent among those studied, p-OCH 3l reacted around 
five times faster than the least reactive, p-CH 3 . The results were analyzed 
in terms of Hammet a substituent parameters, giving a rather modest 
value (-0.97) of p, the reaction parameter. 


[Mn(CH 2 C ft H 4 X)(CO) 5 ] + PR, ^ > ro-[Mn(COCH 2 QH 4 X)(CO)<(PR 3 )] (30) 

The following reactivity order was observed for the methyl-substituted 
compounds: p-CH 3 > m-C H 3 > o-C H 3 , which is at variance with that 
predicted on electronic grounds. Although the electronic effect of the 
methyl group is small, the group is both inductively and by resonance 
electron-donating, and thus its influence should be greater from the ortho 
position than from the para position. However, as the steric influence at 
the ortho position is increased, rate enhancement is observed; for exam¬ 
ple, A'obs for X = o-iPr is approximately the same as A: 0 bs for X = p- iPr, 
that is, the “ortho-inhibition” observed for the methyl substituent has 
been overcome. The low reactivity of the o-C H 3 compound may reflect 
competition between two opposing steric effects. 

In addition to the enhancement arising from nonbonded interactions in 
the starting material, which will weaken the metal-carbon (benzyl) bond 
in the ground state, inhibition can also arise from interactions in the 
transition state associated with migration of the benzyl ligand to an adja¬ 
cent carbonyl group. This effect is demonstrated by the large decreases in 
£obs for the large alkyl group di-ortho-substituted [CpMo(CH 2 C 6 H 3 X 2 )- 
(CO) 3 ] compounds (115) compared to the mono-substituted counterparts. 
For the manganese complexes studied by Cotton and co-workers, the 
limiting size necessary for the onset of the latter effect as a major influ¬ 
ence on reactivity was not reached or observed (114). For the concept of 
two competing influences to be valid, the profile of each effect with re¬ 
spect to the substituent would have to be very different, and the profile 
would also have to vary from metal to metal. Cotton proposed (108,114) 
that the overall effect was to create a “steric window” within which the 
reactivity is enhanced. Comparison of the relative reactivities of the man¬ 
ganese (96,107,108,114) and molybdenum (115,116) systems studied by 
Cotton suggests that the “window” for the manganese compounds en¬ 
compasses larger alkyl groups and that, overall, the manganese com¬ 
pounds are sterically less congested. Thus, the rate of alkyl migration 
increases as the electron-donating ability of the alkyl group in 
[Mn(R)(CO)s] increases. It has also been shown that [Mn(CH 2 I)(CO)<d, 
[Mn(SiMe 3 )(COF], and [Mn(SiPh 3 )(CO) 5 ] do not undergo the CO insertion/ 
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TABLE II 


A H Values for Reaction of 
CO with [Mn(R)(CO) 3 ] 


R 

Atf (kJ/mol) 

CHj 

-54 ± 8 

c 6 h 5 

-63 ± 8 

CF, 

—12 ± 7 


alkyl migration reaction (117-119). Thus the rate of alkyl migration is 
slowed down, or even stopped, by electron-withdrawing groups. 

To measure the migratory aptitudes of different alkyl groups into a 
carbonyl ligand, Connor et al. obtained values of A H for the reaction of 
CO with [Mn(R)(CO)s] at 298 K (120) as shown in Table II. These results 
demonstrate conclusively that alkyl migration in [Mn(CH 3 )(CO) 5 ] is much 
more facile, and more exothermic, than in [Mn(CF 3 )(CO) 5 ]. Molecular 
orbital calculations indicate that the decrease in the rate of alkyl migration 
from R = CH 3 to R = CF 3 is not in fact connected with any strengthening 
of the manganese-alkyl carbon bond, but rather with a change in charge 
distribution on the alkyl carbon atom (121). This will then reduce the 
likelihood of a nucleophilic attack. 

2. Reaction of [Mn(R)(CO) s ] with Tertiary Phosphines and Related Ligands 

Reactions of [Mn(R)(CO)s] with tertiary phosphines, PR 3 , are extensive 
and range from the very early studies of Mawby et al. (122), Noack et al. 
(104), and Bannister et al. (123) to the far more recent studies of Cotton et 
al. (96,107,114) and Andersen and Moss (16-18). In the first study re¬ 
ported on this type of reaction, Mawby et al. (122) reacted 
[Mn(CH 3 )(CO) 5 ] with PPh 3 and P(OPh) 3 in THF. The products of the 
reaction were the tertiary phosphine-substituted acyl complexes, c/s-[Mn- 
(COCH 3 )(CO) 4 (PR 3 )]. Similar results were subsequently obtained by 
other workers in the field (67,123-126). The later results also demon¬ 
strated the presence of the trans isomer of the phosphine-substituted acyl 
products. Noack et al. (104) reported a study of the isomerization pro¬ 
cess. Bannister et al. conducted a rather extensive study on the reaction 
of [Mn(R)(CO) 5 ] (R = CH 3 , C 6 H 5 ) with a range of nucleophiles (123). The 
results for [Mn(CH 3 )(CO) 5 ] are shown in Table III. Thus, the reaction of 
[Mn(CH 3 )(CO) 5 ] (and [Mn(Ph)(CO) 5 ]) with phosphites gave disubstituted 
products. Similar results were obtained in subsequent studies on this type 
of reaction (21,41,67,99). 
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TABLE III 

Reaction of [Mn(CH 3 )(CO) 5 ] with Ligands 


Ligand, L 

Product 

PPh 3 

cw//ra/i5-[Mn(COCH 3 )(CO) 4 (L)] 

AsPh, 

d.v/;wu-[Mn(COC'H,)(CO ) 4 ( L)] 

SbPh 3 

c/.v-|Mn(COCH 3 )(CO) 4 (L)l 

P(OPh) 2 Me 

m-|Mn(CH,)(CO)j(L) 3 ] 

P(OPh) 3 

/raws-IMnlCOCHOfCOMLh] 


When [Mn(R)(CO) 5 ] compounds are reacted with chelating diter- 
tiary phosphines(diphos), mono-substituted products are formed initially 
which then, in a second step, undergo an intramolecular substitution reac¬ 
tion with elimination of CO to give a chelate complex (127). Thus, 
[Mn(CH 3 )(CO) 5 ] will react with Ph 2 P(CH 2 )„PPh 2 (n = 1 to 3) (in a 2:1 
molar ratio) to give /ac-[Mn(COCH 3 )(CO) 3 (diphos)] (123,127-129). A 
higher mole ratio of [Mn(CH 3 )(CO) 5 ] to Ph 2 PCH 2 CH 2 PPh 2 results in the 
formation of [{Mn(COCH 3 )(CO) 4 } 2 {Ph 2 PCH 2 CH 2 PPh 2 }] (123,128). An ex¬ 
ception to the above general process is the reaction of lMn(CH 3 )(CO) 5 ] 
with 1,3-bis(diphenylphosphino)propane in the presence of triflic acid, 
which gave fac-[ 1,3-bis(diphenylphosphino)propane(methylhydroxycar- 
bene) tricarbonyl manganese(I)]triflate (130): 



(DPPP)(CO) 3 Mn = 



[CF3SO3I 


The reaction of [Mn(CH 3 )(CO) 5 ] with chelating tridentate phosphorus li¬ 
gands (denoted P-P-P) gives [Mn(COCH 3 )(CO) 2 (P-P-P)] species (131,132). 
Equation (31) represents an example of this type of reaction (130). 

[Mn(CH 3 )(CO) s ] + (Me 2 PCH 2 CH 2 ),PPh + -► [Mn(COCH 3 )(COM(Me,PCH,CH,),PPh}] 

(31) 

Three of the more recent studies on reactions of [Mn(R)(CO) 5 ] com¬ 
pounds with tertiary phosphines are as follows, Mapolie and Moss (23) 
reacted the binuclear complexes [(CO) 5 Mn(CH 2 ) /! Mn(CO) 5 ] with PR 3 to 
give cz5,c/ 1 s’-[(PR 3 )(CO) 4 MnCO(CH 2 ) w COMn(CO)4(PR 3 )] (n - 4-6; PR 3 = 
PPh 3 , PPh 2 Me, PPhMe 2 ,PMe 3 ). Cotton et al. (107), as discussed in the 
previous section, studied reactions of [Mn(CH 2 C 6 H 4 X)(CO) 5 ] with PR 3 . 
Andersen and Moss (16-18) investigated the reaction of an extensive 
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TABLE IV 


Kinetic Data for Reaction of [Mn(R)(CO) s ] 
with PPh 3 at 32°C in Hexane" 


R 

^OBS 

(x 10 4 second -1 ) 

log &OBS 

* 1/2 

(minutes) 

ch 3 

0.63 

-4.20 

182.8 

c 2 h, 

3.26 

-3.49 

35.5 

n-C 3 H 7 

6.37 

-3.20 

18.1 

A 1 -C 4 H 9 

4.14 

-3.38 

27.0 

w-CjHji 

2.83 

-3.55 

40.8 

n-C 6 Hn 

2.21 

-3.66 

52.3 

/|-C7H[5 

2.02 

-3.69 

52.5 

n-CgH [ 7 

2.01 

-3.70 

57.5 

W-C 9 H 19 

1.99 

-3.70 

58.0 

rt-C]|H 2 3 

1.96 

-3.71 

58.9 

fl-C] 3 H27 

1.91 

-3.72 

60.5 

fl-CuH 3 i 

1.89 

-3.72 

61.1 

fl-C| 7 H 35 

1.85 

-3.73 

62.4 

«-Ci B H 37 

1.84 

-3.74 

62.8 


fl From Andersen and Moss ( 18 ). 


ogous series of alkyl manganesepentacarbonyl compounds, LMn(R)(CO) 5 ] 
(R = CH 3 to n-Ci 8 H 37 ), with PPh 3 [Eq. (32)]. The results were analyzed in 
terms of the k\ pathway (Scheme 8) and are shown in Table IV and Fig. 3. 

[Mn(R)(CO)j] + PPh 3 h ” o a c ne > ci 5 -[Mn(COR)(CO) 4 (PPh])] (32) 

R = CH 3 to rt-C| B H 37 

The trend represented in Fig. 3 was accounted for by a combination of 
steric and electronic effects. When R is CH 3 to n-C 3 H 7 electronic effects 
predominate, with the rate of alkyl migration increasing with an increase 
in electron-donating ability of the alkyl group. When R is n-C 4 H 9 to n- 
C 7 Hi 5 , the elecronic effect of the alkyl group becomes more or less con¬ 
stant and steric effects dominate, with increasing steric bulk of the alkyl 
group decreasing the rate of alkyl migration. When R is n-C 8 Hj 7 to n- 
Ci 8 H 37 both effects are more or less constant, and the change in rate is 
thus almost negligible. 

However, not all reactions of [Mn(R)(CO) 5 ] with phosphines give the 
expected products; thus mention should be made of three somewhat un¬ 
usual reactions, (a) Rosen et ai (133) reacted [Mn(CH 3 )(CO) 5 ] with [Cp- 
Fe(CO) 2 (PPh 2 )] and isolated a heterobimetallic acetyl-bridged complex as 
the product [Eq. (33)]. (b) Vaughan et ai (134) reacted [Mn(CH 3 )(CO) 5 ] 
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Fig. 3. Plot of n in |Mn{(CFl 2 ) M CH 3 }(CO) 5 ] versus log k for the reaction of [Mn- 
{(CFblnCH^HCO^I with PPh 3 (from ref. 18). 


with PPh 2 (SiMe 3 ) to form a novel ylide complex [Eq. (34)]. (c) Ressner et 
al. (135) reacted [Mn(CH 3 )(CO) 5 ] with PPh 2 CH 2 Si(CH,) 2 CH 2 PPh 2 to give 
[Mn(CO) 3 {CH 2 Si(CH 2 ) 2 (CH 2 PPh 2 ) 2 }], formed by intramolecular activation 
of a C-H bond in a methylsilyl group by manganese. 


fMn(CH,)(CO),] + |CpFe(CO);(PPh ; )J 


THF 

22 n C 


CpfcdFe 



(33) 


.OSiMe3 

|Mn(CH,)(CO),j + PPMSiMe,)— (CO) 4 Mn-C 

\/ n CH 3 

P 


(34) 


3. Reaction of [Mn(R)(CO)s] with Carbon Monoxide 

Reactions of [Mn(R)(CO)s] compounds with carbon monoxide have 
been studied extensively. In this case only one product, namely, the acyl 
species, [Mn(COR)(CO).<;], is formed [Eq. (35)]. 

IMn(RMCO),) + CO — (Mn(COR)(CO),| (35) 

Early studies (97,98) concentrated on the reaction of [Mn(CH 3 )(CO)s] 
with labeled CO ( l3 CO and l4 CO) in order to probe the mechanism and 



198 


JO-ANN M. ANDERSEN AND JOHN R. MOSS 


stereochemistry of the alkyl migration reaction. It was those two studies 
which were instrumental in proving conclusively that the carbonylation 
reaction takes place via alkyl migration rather than by direct CO substitu¬ 
tion. Subsequent studies involved the measurement of carbonylation 
rates in order to determine thermodynamic parameters (e.g., activation 
energies) for the alkyl migration process (95,136). The variation in rate 
with change (both steric and electronic) in R for the reaction represented 
by Eq. (35) was investigated (11,98,112). The following order was found 
with n-propyl being the fastest: R = n-Pr > Et > CH^Hii > C 6 H 5 > CH3 
> CH2OCH3 > CH 2 C 6 H 5 > CH 2 C 0 2 H, and R = CH 3 > CH 2 F > CF 3 . 

The carbonylation of [MN(CH 3 )(CO) 5 ] at high pressure (320 atm CO, 
67°C in tetradecane) was reported (137)\ the only product isolated was 
[Mn(COCH 3 )(CO) 5 ], In another study (136), [Mn(CH 3 )(CO)j] was reacted 
with CO at 70°C to give [Mn(COCH 3 )(CO) 5 ] with a rate constant k of 
1.9 x 10 -5 second -1 . This was compared to the rates for the reaction of 
cw-[Mn(CH 3 )(CO) 4 (PR 3 )] with CO to give cw-[Mn(COCH 3 )(CO) 4 (PR 3 )] 
[PR, = P(OPh) 3 , k = 3.6 x 10 -5 second -1 ; PR 3 = P(OMe) 3 , k = 2.3 x 10 -5 - 
second -1 ]. The similarity in the three rate constants implies a very small 
ligand effect, which was taken to indicate a transition state with very 
little unsaturation. More recent studies (21,23) involved the carbon¬ 
ylation of [C0 5 Mn(CH 2 )„Mn(C0) 5 ] (under 1 atm CO at 25°C) to give 
[(CO) 5 MnCO(CH 2 )„COMn(CO) 5 ] (n = 4-6). 

4. Reaction of [Mn(R)(CO)s] with Isocyanides and Amines 

Another fairly common and well-documented reaction of [Mn(R)(CO)s] 
compounds is that with alkyl isocyanides, RNC (which are isoelectronic 
with CO), or alkyl amines, RNH 2 . The usual product is the isocyanide- or 
amine-substituted acyl species, [Mn(COR)(CO) 4 (L)] (formed by alkyl mi¬ 
gration). The first study on this type of reaction was that of Keblys and 
Filbey (138) who reacted [Mn(R)(CO) 5 ] (R = CH 3 , C 6 H 5 ) with NH 3 and 
aliphatic and aromatic amines [(C 6 Hn)NH 2 , Me 2 NH, (C6H 5 )NH 2 ] to give 
c/s-[Mn(COR)(CO) 4 (amine)]. Subsequent studies by Mawby et al. (122), 
using [Mn(CH 3 )(CO) 5 ] gave the same results except for the reaction with 
N-methylcyclohexylamine, which did not go to completion. They also 
made the observation that the reaction was solvent dependent. Kraihan- 
zel and Maples (126) also repeated these results and made the additional 
observation that the amine-substituted acyl products, [Mn(COR)- 
(CO) 4 (amine)]> were difficult to decarbonylate. Kuty and Alexander (139) 
reported the reactions of [Mn(R)(CO) 5 ] (R = CH 3 , CH 2 C 6 H 5 and p- 0 2 - 
NC6H 4 CH 2 ) with alkylated isocyanides, R'NC (R' = CH 3 , /-C 4 H 9 , and 
C 6 Hii) to give the acyl isocyanide adduct [Mn(COR)(CO) 4 CNR')] (mix 
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ture of cis and trans), except for [Mn(p- 0 2 NC 6 H 4 CH 2 )(C 0 ) 5 ], which did 
not undergo any reaction. 

A more recent study by Motz et al. (140) involved the interesting reac¬ 
tion of [Mn(p-XC 6 H 4 CH 2 )(CO) 5 ] (X = Cl, OCH 3 ) with p-tolylisocyanide 
(p-CH 3 C 6 H 4 CH 2 NC) in the presence of PdO to give the double isocyanide 
inserted products [Mn{C(=CH(C 6 H 4 -p-Cl))N(p-tolyl)(NH-p-tolyl)}(CO) 4 ] 
for X = Cl (which is the product of intramolecular attack by an imino 
nitrogen atom on a coordinated p-tolylisocyanide) and [Mn{C(=N-p- 
tolyl)C(=N-p-tolyl)CH 2 C 6 H 4 -p-X}(CO) 4 ] for X = Cl and OCH 3 . 


r 

c 


(CO) 4 Mn CCH 2 C 6 H 4 -p-X 

\ / 

N 


R = p-tolyl; X = Cl, OMe 


5. Reaction of [Mn(R)(CO)J with Other Neutral Nucleophiles 

Besides the numerous studies already mentioned on the reactions of 
[Mn(R)(CO) 5 ] with phosphines, amines, isocyanides, and carbon monox¬ 
ide, there have been extensive investigations into the reactions of 
[Mn(R)(CO) 5 ] compounds with other neutral donor ligands. A brief de¬ 
scription of these now follows. 

a. Reaction of [Mn(R)(CO)s] with Alkenes and Alkynes. Reaction of 
[Mn(R)(CO) 5 ] with alkenes and alkynes usually results in migration of R 
and subsequent insertion of the alkene or alkyne via addition of the acyl 
species across the olefinic (or alkynyl) linkage. An extensive study of this 
general reaction was performed by DeShong et al. (141) who reacted 
[Mn(R)(CO) 5 ] (R = CH 3 , CH 2 Ph, CH=CHCH 3 ) with a variety of substi¬ 
tuted alkenes and alkynes to give substituted manganacycles [Eqs. (36) 
and (37)] (the structures of the products were confirmed by X-ray crystal¬ 
lography). The unsymmetrical alkenes and alkynes exhibited a high de- 
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gree of regioselectivity. The reaction of [Mn(R)(CO)s] (R = CH 3 , CH 2 Ph) 
with norbomylene occurs in a similar manner, as did the reaction with 
cyclopentene (142) [Eqs. (38) and (39)]. 


[Mn(R)(CO) 5 ] + Rj—=—R 2 



(36) 



[Mn(CH,)(CO) 5 ] 



3850 atm 

-► 



Booth et al. (143) carried out the reaction of [Mn(CH 3 )(CO)s] with cyclo- 
pentadiene and found the reaction to be so slow that dimerization of 
cyclopentadiene occurred before reaction with [Mn(CH 3 )(CO)s] [Eq. 
(40)]. The reaction of [Mn(R)(CO)s] (R = CH 3 , Ph) with dicyclopentadiene 
directly, however, also gave a 1:2 adduct [Eq. (41)]. The reaction of 
[Mn(CH 3 )(CO) 5 ] with norbomadiene, which gave a mixture of the 1:1 and 
1:2 adducts, was also reported in this study. Other studies with different 
alkenes and alkynes gave the same type of products (144,145). 
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b. Reaction of [Mn(R)(CO) 5 ] with Synthesis Gas. The first report on 
the reaction of synthesis gas (CO/H 2 ) with alkyl manganesepentacarbonyl 
species can be considered to be that of King et al. in 1978 (137). Although 
they did not use synthesis gas as such (an equimolar mixture of CO and 
H 2 ), they reacted [Mn(CH 3 )(CO) 5 ] with CO (320 atm, 67°C), resulting in 
the formation of the acyl compound, [Mn(COCH 3 )(CO) 5 ]. They then re¬ 
acted this with H 2 (313 atm, 95°C) (after releasing the CO pressure) to 
yield [Mn 2 (CO) )0 ] and acetaldehyde (a very small amount of formalde¬ 
hyde was also detected). 

In 1979, Dombek (94) investigated the reactions of [Mn(R)(CO) 5 ] [R = 
H, CH 3 , CH 2 OCH 2 CH 3 , CH 2 0C(0)CMe 3 ] with synthesis gas (6.8 atm H 2 , 
2.0 atm CO) in sulfolane at 75°C. Acetaldehyde was the only organic 
product from the reaction of [Mn(CH 3 )(CO) 5 ] with synthesis gas; how¬ 
ever, when [Mn(CH 3 )(CO) 5 ] was reacted with H 2 only (6.8 atm), ethanol 
was the only organic product. A high yield of alcohol was also obtained 
from the reaction of [Mn(CH 2 OCH 2 CH 3 )(CO) 5 ] with H 2 , indicating that 
the hydroxymethylation of the alkyl group with H 2 under pressure is a 
general process and that the a-oxygen atom does not have a great influ¬ 
ence on the reaction. When this reaction (i.e., with H 2 only) was repeated 
with the addition of CH 3 CHO, the aldehyde was catalytically hydrogen¬ 
ated to CH 3 CH 2 OH by [Mn(CH 3 )(CO) 5 ]. Dombek proposed that the reac¬ 
tion proceeded via a complexed aldehyde species, and the presence of CO 
inhibited the hydrogenation of this intermediate. 

[Mn(COR)(CO) 5 ] H2 ' C ° > [Mn{0C(0)CH 2 R}(C0) 5 ] (42) 

163 atm 

R = CH 2 Ph, CH 2 CH 2 Ph 

Freudenberger and Orchin, in 1982 (48), found that syngas can be incor¬ 
porated into [Mn(COR)(CO) 5 ] compounds in hexane to give alkoxycar- 
bonyl species [Eq. (42)]. The reaction terminated at this point; the alkoxy- 
carbonyl was inert toward further reaction with CO and H 2 . In contrast to 
the reactions in hexane, the same reactions in sulfolane gave only the 
aldehydes, RCHO (48). The mechanism shown in Scheme 9 for the forma¬ 
tion of the alkoxycarbonyl species was proposed. We believe, however, 
that the final step shown in the above scheme, namely, 

O 

co II 

RCH 2 OMn(CO) 5 -* RCH 2 0—C—Mn(CO), 

is extremely unlikely. It is known that (a) some transition metals are 
oxophobic in nature, and thus tend not to bind to oxo ligands, and (b) a 
large, negative p* is a fairly common feature of carbonyl insertion reac¬ 
tions (112), that is, the reaction is very susceptible to polar substituent 
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R —CMn(CO) 5 


CO. 


O O 

//\ / \ , , 

R-C-Mn(CO) 4 R-0-^Mn(CO) 4 


(A) 


(B) 


o- o- 7 o 

R-C=Mn*(CO) 4 —R-C-Mn*(CO) 4 -►R-C — Mn(CO) 4 -► 

H H H H 

(C) 

RCH— O — Mn"(CO) 4 -► RCH 2 -0-Mn(C0) 4 — 22 —- 

I 

H 

O 

RCH 2 0Mn(C0) 5 - CO - » RCH z O-C—Mn(co) 5 

Scheme 9. 

effects. Any oxo ligands, by virtue of the large electronegativity of the 
oxygen atom (higher than chlorine), will have a large, positive Taft cr* 
value, making migration of this ligand a highly unfavorable process. 

In sulfolane, intermediate C (Scheme 9) may be prevented from forming 
a manganese-oxygen bond by interaction with a molecule of solvent 
(structure D), collapsing instead to give the aldehyde. Reaction of the 
related alkyl species, [Mn(R)(CO) 5 ] (R = CH 2 Ph, CH 2 CH 2 Ph), gave simi¬ 
lar results. For example, reaction of [Mn(CH 2 Ph)(CO) 5 ] with CO/H 2 in 
sulfolane gave PhCH 2 CHO, and reaction of [Mn(CH 2 CH 2 Ph)(CO) 5 ] with 
CO/H 2 in hexane gave [Mn{0C(0)(CH 2 ) 3 Ph}(C0) 5 ]. 


r c- o^'N, 

R — C—Mn(CO ) 4 


H H 
(D) 
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0: 


-Mn(CO) 4 


/°\ 

•R-C — Mn(CO) 4 


,1 


R-C = Mn(CO) 4 


Scheme 10. 


A later study of Orchin and co-workers in 1986 (22) extended this 
reaction to a wider range of [Mn(COR)(CO) 5 ] compounds [R = CHj, 
(CH 2 ) 4 CH 3 , P-CH 3 C 6 H 4 ], including the binuclear compounds [(CO) 5 Mn- 
(CH 2 )„Mn(CO) 5 ] (n = 4, 8 ), and obtained similar results, that is, formation 
of an alkoxycarbonyl species in hydrocarbon solvents. They also carried 
out a labeling study with [Mn(p-CH 3 C 6 H 4 l 3 CO)(CO) 5 ] and found that the 
original acyl group in the reactant was reduced exclusively to the meth¬ 
ylene group of the product. The formation of an acyl manganese- 
tetracarbonyl species was proposed as an intermediate, which could 
adopt a carbenoid structure as shown in Scheme 10. 

In a study reported by Mapolie and Moss (25), [(CO) 5 Mn(CH 2 ) 4 - 
Mn(CH) 5 ] was reacted with CO/H 2 (40 atm at 70°C in THF) to give the 
diol HOCH 2 (CH 2 ) 4 CH 2 OH as the only isolable organic product. Similar 
results were obtained from the reaction of synthesis gas with [(CO) 5 - 
Mn(CH 2 ) 5 Mn(CO) 5 ] and [(CO) 5 Mn(CH 2 ) 6 Mn(CO) 5 ], namely diol forma¬ 
tion (24). A study by Ahmed et al. involved the reaction of [Mn(CH 2 - 
Ph)(CO) 5 ] with PhC^CPh in the presence of CO and H 2 to give an 
aldehyde and [Mn 2 (CO)i 0 ] via an unstable acyl intermediate (146). 

The most recent study is that of Andersen and Moss (42) which in¬ 
volved the reaction of synthesis gas with (a) [Mn{(CH 2 )sCH 3 }(CO) 5 ] in 
tetrahydrofuran (THF) (40 atm CO/H 2 , 55°C) to give 1-decanol, CH 3 - 
(CH 2 ) 8 CH 2 OH, and (b) [Mn{(CH 2 ) 12 CH 3 }(CO) 5 ] in hexane (94 atm CO/H 2 , 
55°C) to give the alkoxycarbonyl compound [Mn{ 0 C( 0 )CH 2 (CH 2 )| 2 CH 3 }- 
(CO) 5 ]. The difference in products was accounted for by the difference in 
solvents, which could direct the reaction along alternative pathways. 

c. SO 2 Insertion. Unlike CO insertion which occurs via alkyl migra¬ 
tion, S0 2 insertion is believed to occur by the initial electrophilic attack of 
S0 2 at the a-carbon atom of the alkyl group. The [Mn(CO) 5 ] moiety is 
displaced as a cationic species onto an oxygen atom of the sulfinato 
group. However, these oxygen-bonded sulfinate complexes easily isomer- 
ize to the more thermodynamically stable 5-sulfinato complexes (147) 
[Eq. (43)]. S0 2 cannot be eliminated from these complexes (55), although 
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[Mn(S0 2 R)(C0) 5 ] compounds can in turn react with a variety of ligands, 
resulting in carbonyl substitution (148) [Eq. (44)]. 

[Mn(R)(CO) 5 | + SO, — (Mn(SO,R)(CO)4 (43) 

R = CHj, C 2 H 5 , CH,Ph, Ph 

[Mn(S0 2 R)(CO) s ] + PPh, — (Mn(S0 2 R)(C0) 4 (PPh,)) + CO (44) 

R = CH„ C*H„ CH 2 C 6 H 5 


d. Reaction of [Mn(R)(CO)$J with Other Organometallic Species. 
Reaction of [Mn(CH 3 )(CO) 5 ] with i 7 5 -(cyclopentadienyl)carbonyltri- 
phenylphosphine rhodium and -iridium results in carbon-phosphorus 
bond cleavage in the triphenylphosphine complexes and isolation of 
bridged diphenylphosphidoheterodinuclear complexes (149) [Eq. (45)]. 
The reaction of [Mn(CH 3 )(CO) 5 ] with acetylferrocene gave tetracarbonyl- 
2-(acetyl)ferrocenyl manganese (150). 

(Mn(CH,)(CO) 5 ] + [CpMtCOHPPhj)] — (CpM-^{C(C h H 5 )0)-M-{CMeO}- M - 

{PPh 2 }Mn(CO) 5 ) + [Cp{M-M-(PPh 2 )Mn(CO) 4 }] (45) 

M = Rh, tr 

A study by Hart et al. (151) reported the reaction of [Mn(CHj)(CO) 5 ] 
with [CpW{=C(p-MeC 6 H 4 )}(CO) 2 ] to give a heterodinuclear complex 
[Eq. (46)]. The combination of the acyl and alkylidyne moieties took 
place through carbon-carbon bond coupling to give the bridging 
C(p-MeCftH 4 )C( 0 )Me ligand, which formally donates six electrons. 

[Mn(CH,)(CO) s ] + [CpW{=C(p-MeC ft H 4 )}(CO) 2 ] ^ 


( p-CgH 4 Me) 



e. Miscellaneous Reactions of [Mn(R)(CO) 5 ] with Other Nucleo¬ 
philes. There are numerous other reactions of [Mn(R)(CO) 5 ] compounds 
with other neutral nucleophiles not mentioned so far which have been 
reported. However, these reactions do not strictly fall within the scope of 
this article, and hence only brief mention will be made of them. They 
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include (i) the reaction of [Mn(R)(CO) 5 ] (R = Me, Ph, p-Tol) with 
CS 2 to give dithiocarboxylate complexes (752,753); (ii) the reaction of 
[Mn(CH 3 )(CO) 5 ] with boranes to produce hydrocarbons (754); (iii) the 
reaction of [Mn(CH 3 )(CO) 5 ] with tetrafluoroethylene to give the fluorocar¬ 
bon-inserted product (733); (iv) the reaction of [Mn(CH 3 )(CO) 5 ] with ben¬ 
zyl methylketone to give [Mn(C0) 3 {7j 5 -CHC6H 5 CMeCH(CH2C6H 3 )0}] 
(736); and (v) the reaction of [Mn(CH 3 )(CO) 5 ] with 7V-sulfinylsulfonamides 
and sulfur bis(sulfonyl)imides to give the inserted chelate products (737). 

C. Reactions of Rheniumpentacarbonyl Alkyls 

Compared to manganese, little work has been carried out on analogous 
alkyl complexes of rhenium, although that which has may be divided into 
the same categories, namely, (1) reaction with transition metal hydrides, 
for example [CpW(H)(CO) 3 ]; (2) reaction with Lewis acids, for example, 
AlC^Et; (3) orthometallation reactions; (4) reaction with cationic species, 
for example, H + ; (5) reaction with anionic nucleophiles, for example, 
BF 4 “; (6) reaction with neutral nucleophiles, for example, PPh 3 . 

1. Reaction of [Re(R)(CO) s ] with Transition Metal Hydrides 

Ethyl rheniumpentacarbonyl has been reacted with various metal hy¬ 
drides in acetonitrile (738). The observed products were heterobimetallic 
compounds, although a solvated rheniumtetracarbonyl acyl complex was 
detected [Eq. (47)]. If the metal hydride is in excess, the rate-determining 
step is formation of the propionyl complex. The reaction was subse¬ 
quently found to be first order in both the propionyl complex and the 
metal hydride. The second-order rate constants were measured and were 
found to be the reverse of the order of the acidities of the transition metal 
hydrides, which implies that the hydrides react as nucleophiles with the 
propionyl complex. In a separate experiment, [Re(COEt)(CO) 3 ] was 
found to react with [Re(H)(CO) 5 ] only after carbonyl dissociation, imply¬ 
ing that the metal and not the acyl carbonyl is the site of nucleophilic 
attack by transition metal hydrides on acyl complexes. 

[Re(Et)(CO)j] CHlCN > [Re(COEt)(CO) 4 (CH 3 CN)l > 
[Re(M)(CO) 4 (CH 3 CN)] + EtCHO [Re(M)(CO)j] + CHjCN (47) 

M—H = [Re(H)(CO) 3 ], [Mn(H)(CO) s ], [CpW(H)(CO) 3 ], [Os(H) 2 (CO) 4 ] 

Another study by the same group reported the above reaction in ben¬ 
zene instead of acetonitrile (50). In this case, the solvated species was not 
observed, and the reaction proceeded directly to the binuclear com¬ 
pounds. 
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2. Reaction of [Re(R)(CO) 5 J with Lewis Acids 

McKinney and Stone have isolated a rhenium hydroxycarbene species 
from the reaction of [Re(R)(CO) 5 ] with a Lewis acid (759) [Eq. (48)]. The 
hydroxycarbene compound was found to function as a catalyst for olefin 
metathesis. 

[Re(R)(CO) 5 ] + 2AICI 2 Et cis-[ Re(CI){C(R)(OH)}(CO) 4 ] + other products (48) 

R = CH 3 , C 6 H 5 


3. Orthometallation Reactions 

Methyl rheniumpentacarbonyl reacts with anthraquinone to give an 
orthometallated product (160) [Eq. (49)]. Reaction of methyl rheniumpen- 


[Re(CH 3 )(CO) 5 ] + 



(49) 


tacarbonyl with substituted aceto- and benzophenones also gave ortho¬ 
metallated products (160), namely, 




Refcol 

> 4 


C Ho 


X = 3-, 4-, or 5-CH 3 , 
3-, 4-, or 5-OCH 3 , 4-C1 



X = H, CH 3 , 
OCH 3 , F, Cl 


McKinney and Kaesz reacted [Re(CH 3 )(CO) 5 ] with orthometallation 
products of alkyl manganesepentacarbonyls to yield bis(tetracarbonyl- 
metal) secondary metallation products (767), as shown in Scheme 11. 



208 


JO-ANN M. ANDERSEN AND JOHN R. MOSS 



Scheme 11. 


4. Reaction of [Re(R)(CO)s] with Cationic Species 

The gase-phase reaction of [Re(CH 3 )(CO) 5 ] with various proton donors 
has been reported (85) [Eqs. (50a) and (50b)]. The products of the reaction 
depend on the nature of B. 

y, [Re(CO)j] + + CH 4 + B (50a) 

[Re(CH 3 )(CO) 5 ]+BH + 

^ [R e (H)(CHj)(CO)j]* + B (50b) 

B = NHj, 2-MeTHF, Et 2 0, THF, Me 2 CO, Me 2 CCH 2 , Me 2 0, MeCHO, 

MeOH, MeCHCH 2 , F 2 CHCH 2 OH, HCN, H 2 S, H 2 0) 

5. Reaction of [Re(R)(CO)s] with Anionic Nucleophiles 

Methyl rheniumpentacarbonyl has been subjected to three tetrafluoro- 
boranation studies, all by Beck and co-workers ( 20,162,163 ). The first 
study (162) involved treating the tetrafluoroborate derivative (formed by 
reaction of [Re(CH 3 )(CO)s] with triphenylcarbenium tetrafluoroborate) 
with a variety of cr and v donors, L, forming the salts [Re(L)(CO) 5 ] + BF 4 _ 
[Eq. (51)]. The second study involved the formation of binuclear rhenium 
compounds (20) [Eq. (52)]. The third study used the tetrafluoroboranation 
reactions as a route to a polynuclear rhenium compound (163) [Eq. (53)]. 
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[Re(CH,)(CO),] + Ph,CBF 4 — [Re(FBF 3 )(CO)<] + H,CCPh, 

|Re(L)(CO),] + BF 4 (51) 

L = Me.CO, CH 3 CN, CO, ethylene, propylene, pentene 


[Re(CH,)(CO) 5 ] + Ph,CBF 4 
rRe{CH 2 CH(R)}(CO)5j + BF 4 - 


* [Re(FBF 3 )(CO) 5 ] + H,CCPh, 

[Re<CO) s |- 


CH>CHK 


[(COFRe{CH 2 CH(R)}Re(CO) 5 


R = H, CH 3 


(52) 


[Re(CHj)(CO),J + PhjCBF 4 —* [Re(FBF 3 )(CO)d + H 3 CCPh, 


[Re(CO) 4 (COOH)]„ 


acetone 


-H 2 0 


foe) ReO 
5 I 



O-rr^C 

X 

\ 

\ 

ORe(co) 5 


(53) 


Reaction with germyllithium reagents can yield CO inserted products 
(92) [Eq. (54)]. Thus methyl rheniumpentacarbonyl reacts with germyl¬ 
lithium compounds to give anionic acyl complexes which can be isolated 
as tetraethylammonium salts or alkylated to give carbene complexes. 


[Re(CH,)(CO),| + R,GeLi-►U|Re(COCH,)(R,Ge)(CO) J ) 



Et 4 N[Re(COCH,)(R,Ge)(CO) 4 ] [Re{C(OEt)CH,}(R,Ge)(CO) 4 J 

R, = Ph 3 or MePh-1-naphthyl 


(54) 


6. Reaction of [Re(R)(CO) } ] with Neutral Nucleophiles 

Alkyl rheniumpentacarbonyl species are known to be reluctant to un¬ 
dergo alkyl migration reactions (43); third row J-block transition metals 
(i.e., 5 d) are usually less inclined to undergo alkyl migration than the 3 d 
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Fig. 4. Bonding orbitals in [M(CH 3 )(CO) 5 ]. 


and 4 d metals of the same subgroup (164). This has been attributed to the 
higher strength of the metal-carbon bond for 5 d metals (49). 

The increase in bond strength going from 3 d to 4 d to 5 d correlates with 
an increase in the bonding overlaps between the 2cr CH 3 orbital and the 
( p, d) hybrid a MLn orbital on the metal center (in [M(CH 3 )(CO) 5 ]), as 
shown in Fig. 4. The M-C(methyl) bond dissociation energies in 
[M(CH 3 )(CO) 5 ] (M = Mn, Re) have been measured and were found to be 
117 kJ/mol for M = Mn and 223 kJ/mol for M = Re, indicating a much 
stronger Re-C(alkyl) bond (49). More recent calculations have been re¬ 
ported by McQuillan et al. (65); these results were discussed in Sec¬ 
tion III. 

a. Reaction of [Re(R)(CO)s] with Carbon Monoxide. The reluctance 
of [Re(CH 3 )(CO) 3 ] to undergo alkyl migration was demonstrated by King 
et al., who reacted it with CO (320 atm at 200°C) but isolated only 
[Re 2 (CO)iol and unreacted [Re(CH 3 )(CO)j] from the reaction mixture 
(137). Ethyl rheniumpentacarbonyl is also very resistant to CO-induced 
alkyl migration; the reaction of [Re(C 2 H 5 )(CO) 5 ] with CO was not com¬ 
plete after 1 hour at 100°C and 100 atm of CO (14). However, the reaction 
of the binuclear species [(CO) 5 Re(CH 2 ) 4 Re(CO) 5 ] was partially successful 
and gave some acyl product; after reaction with CO (40 atm, 70°C) over 24 
hours, 30% conversion to the acyl species, [C 05 ReC 0 (CH 2 ) 4 C 0 Re- 
(CO) 5 ], was observed (23). 

b. Reaction of [Re(R)(CO) 5 ] with S0 2 . S0 2 is known to insert into 
rhenium-alkyl bonds (105,165); the kinetic products of S0 2 insertion are 
the O-bonded sulfinate derivatives, [Re{OS(0)R}(CO)5] (105). The mecha¬ 
nism of this reaction is thought to be the same as for the analogous 
[Mn(R)(CO) 5 ] compounds (43). For example, Hartman and Wojcicki (765) 
have isolated the species [Re{S(0) 2 R}(CO)j] [Eq. (55)]. 


[Re(R)(CO) 5 ] + S0 2 - [Re{S(0) 2 R}(C0) 5 ] 
R = CH 3 , CH 2 C„H 5 


(55) 
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c. Reaction of [Re(R)(CO)$] with Tertiary Phosphines . In contrast to 
the reactions of [Mn(R)(CO) 5 ] compounds with tertiary phosphines, 
which yield acyl products, reactions of the analogous [Re(R)(CO)d com¬ 
pounds with phosphines give only the phosphine-substituted alkyl spe¬ 
cies; in other words, the rhenium compounds undergo CO substitution as 
opposed to alkyl migration. For example, the reaction of the butanediyl 
compound [(CO)sRe(CH 2 ) 4 Re(CO).s] with tertiary phosphines gives the 
binuclear phosphine-substituted alkyl compounds (23) [Eq. (56)]. 

[(CO) 5 Re(CH 2 ) 4 Re(CO)d + 2PR 3 -^-> W.¥,m-[(PR 3 )(CO) 4 Re(CH 2 ) 4 Re(CO) 4 (PR 3 )] (56) 

66°C 

PR, = PPh,, PPh ; Me, PPhMe, 

Anisimov el al. (166) reported the reaction of [Re(p-CIC 6 H 4 )(CO) 5 ] with 
PPh, to give the aryl product [Eq. (57)]. Wang and Angelici (167) have 
reported the reaction of [Re(CH,)(CO) 5 ] with PPh, using [Pt(PPh,) 4 ] as a 
catalyst [Eq. (58)]. The phosphine-substituted product was obtained in 
86% yield with almost quantitative recovery of the catalyst. 


[Retp-CIC^HCO),] + PPh, — - K » <■ 

/A-(Re{p-ClC 6 H 4 )(CO) 4 (PPh 3 )] 

(57) 

|Re(CH,)(CO),| + PPh, |l>1(l>, ' hlijl , 

cis-\ Re( C H 3 )(CO ) 4 ( PPh i) ] 

(58) 


henzcne 


The most recent study on the reactions of [Re(R)(CO) 5 ] with a tertiary 
phosphine is that of Andersen and Moss (16,42). This involved reaction of 
the homologous series of compounds [Re(R)(CO) ? ] (R = CH, to a 7-C|«H, 7 ) 
with triphenylphosphine [Eq. (59)]. Kinetic studies on the reaction were 
attempted and showed, on a qualitative basis, that (i) only a slight depen¬ 
dence of reaction rate on alkyl chain length was observed; (ii) this depen¬ 
dence followed the same general pattern as that of the [Mn(R)(CO),j 
system (42)\ (iii) estimates of the rate constants k indicated that they fell in 
the range of 0.15 x 10 -4 to 0.3 x 10~ 4 /second, spanning a much narrower 
range than those measured for the [Mn(R)(CO),] system (16-18,42)', and 
(iv) no evidence was obtained for acyl species being formed in the course 
of the reactions. This, in addition to fact (i) above, implies that the reac¬ 
tions of [Re(R)(CO)s] compounds with PPh, may therefore be simple sub¬ 
stitution reactions in which a terminal carbonyl group is replaced by PPh,, 
which most probably proceeds via initial loss of a terminal carbonyl 
group. An alternative explanation is that acyl species are first formed but 
then are decarbonylated under the conditions of the experiment, although 
no evidence could be found for acyl intermediates. Thus, different prod¬ 
ucts were obtained from the reactions of (a) manganese and (b) rhenium 
long-chain alkyl complexes. This may be largely a result of the much 
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stronger rhenium-carbon (alkyl) bond compared to the manganese-car¬ 
bon (alkyl) bond (49). 

94°C 

[Re(R)(CO) 5 ] + PPh 3 -» cM-[Re(R)(CO) 4 (PPh 3 )] (59) 

toluene 

R = CH 3 to / 1 -C 18 H 37 

In the above studies (16,42), no evidence for [Re(C 2 H 5 )(CO) 5 ] undergo¬ 
ing any carbonylation reaction was obtained, which may explain why 
ethyl rheniumpentacarbonyl is considerably more stable than ethyl 
manganesepentacarbonyl. 


d. Miscellaneous Reactions. The reaction of methyl rheniumpenta¬ 
carbonyl with tetrafluoroethylene has been reported (168) [Eq. (60)]. The 
fluorocarbon-inserted product is formed. 

[Re(CHj)(CO) 5 ] + CF 2 CF 2 — [Re(CF 2 CF 2 CH 3 )(CO) 5 ] (60) 

The reaction of methyl rheniumpentacarbonyl with other organometal- 
lic compounds is known. For example, reaction with 7j 5 -(cyclopentadi- 
enyl)carbonyltriphenylphosphine rhodium resulted in the formation of a 
bridged diphenylphosphido heterodinuclear complex (149) [Eq. (61)]. The 
reaction of [Re(CH 3 )(CO) 5 ] with amino- and phenylazocarboranes has 
been reported (169) [Eq. (62)]. The reaction of the binuclear complex 
[(CO) 5 Re(CH 2 ) 4 Re(CO) 5 ] with synthesis gas (40 atm, 70°C) was carried 
out but gave a mixture of unreacted starting material, with minor amounts 
of [C 05 ReCO(CH 2 ) 4 CORe(CO) 5 ], 1,6-hexanediol, and the corresponding 
aldehyde, OHC(CH 2 ) 4 CHO (24). 


[Re(CH,)(CO) 5 ] + |CpRh(CO)(PPh,)] 



(61) 


[Re(CH,)(CO)»] + 


H CHjNEtj H CH 2 NEt 2 

[_- J rnr^ ^ -_) | +C h 4 + 

B.qH.o b 10 H 9-Re(CO) 4 


CO 


(62) 
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V 

CONCLUDING REMARKS 

A wide variety of alkyl derivatives of manganese- and rheniumpenta- 
carbonyl have now been prepared, many of them as recently as the early 
1990s. This can partly be attributed to the instability of [MnCCiH^MCO)^], 
which may have deterred researchers from investigating this field any 
further. The synthetic routes to these alkyl derivatives vary, but the most 
widely used pathways involve treating Na[M(CO)s] (M = Mn, Re) with 
the appropriate alkyl halide, or, in cases where the metalpentacarbonyl 
anion will not react with the alkyl halide in question, thermal decarbon- 
ylation of the acyl derivative. 

Studies have reported the synthesis of two extensive homologous series 
of Az-alkyl derivatives [M(R)(CO)d (M = Mn, Re; R = CH 3 to /7 -CihH 37 ), 
and the higher Az-alkyl derivatives were found to be relatively stable, both 
thermally and to air. This would seem to refute the assumptions that the 
shorter chain manganesepentacarbonyl alkyl compounds were unstable 
owing to /3-hydride elimination. It has been suggested that the reason for 
the instability of the short-chain alkyl species is in fact an extremely facile 
carbonylation process ( 16J8 ). The analogous rhenium short-chain alkyl 
compounds are more stable than the manganese analogs, and this may be 
due to a rapid carbonylation process not being a viable mode of decompo¬ 
sition. This is probably partly due to the rhenium-carbon bond being 
considerably stronger than the manganese-carbon bond. 

Reactions of these alkyl derivatives are now extensive, the most com¬ 
mon being reaction with a neutral nucleophile in order to induce alkyl 
migration. Rates have been measured for the reaction of the series 
[M(R)(CO)s] (M = Mn, Re; R = CH 3 to az-C is H 37 ) with PPh 3 . The results 
obtained show a dependence of the rates of the reactions on the nature 
(both steric and electronic) of R, the alkyl group. The effect is much 
greater for M == Mn than for M = Re. These reactions may have relevance 
to catalytic reactions such as the Fischer-Tropsch synthesis and hydro- 
formylation (e.g., in a mixture of a-olefins, those of a particular chain 
length could perhaps be selectively hydroformylated). Thus, reactions of 
[M(R)(CO)d compounds with synthesis gas may have important applica¬ 
tions. Partly because of the weaker Mn-C(alkyl) bond compared to the 
Re-C(alkyl) bond, manganesepentacarbonyl alkyl derivatives have been 
more widely studied in terms of reactivity. Thus, several new //-alkyl 
derivatives of manganesepentacarbonyl and rheniumpentacarbonyl have 
been prepared, the majority of which are stable and exhibit interesting 
reactivity patterns. 
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This revisit to the alkyl compounds of the manganese group shows that 
considerable progress, most of it in the 1990s, has been made since the 
pioneering paper of Closson et al. in 1957. For roughly 30 years, only 
three n-alkyl complexes of manganesepentacarbonyl (and two of rhe- 
niumpentacarbonyl) were known. Now, however, the situation has 
changed, with eighteen w-alkyl complexes of each of the two metal car¬ 
bonyl systems being known. With this in mind, there is considerable 
scope for the further development of this area of organometallic chemis¬ 
try. Looking to the future, one can certainly anticipate a variety of excit¬ 
ing and innovative studies on this topic. 
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I 

INTRODUCTION AND SCOPE OF REVIEW 

The activation of simple organic molecules by more than one transition 
metal constitutes an area of research which has grown in interest since the 
mid 1970s. Transition metal clusters, homonuclear and later heteronu- 
clear compounds, have been widely studied because of the potential for 
application in catalysis. The chemistry of such complexes has been the 
topic of many review articles, some of which appeared in this series ( 1 - 5 ). 
The concept of utilizing binuclear complexes with metal-metal bonds for 
ligand activation has been recognized (6-5), and, as stated by Casey and 
Audett, “there is some hope that a smooth transition from the chemistry 
of mononuclear compounds to dinuclear compounds to metal clusters to 
metal surfaces may be found” (9). 

Parallel to the development of the chemistry of dinuclear transition 
metal complexes with metal-metal bonds, studies related to bimetallic 
complexes, hetero- and homonuclear, without metal-metal bonds are ap¬ 
pearing in the literature at ever increasing frequency ( 10 - 13 ). In these 
complexes, two or more metals are separated by a common ligand which 
acts as a bridge between them. Two metal centers acting in a joint fashion 
could enhance the activation of an organic substrate considerably and in 
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such a manner that their unique effects lead to a transformation that is 
unachievable by either metal functioning alone. Furthermore, the hypoth¬ 
esis that two metals kept in close proximity by a bridging ligand could 
react cooperatively with substrate molecules has initiated a very broad 
interest in ligand systems able to lock two metal centers in such a position 
(/ 4-16). 

Transition metal complexes with bridging ligands and without metal- 
metal bonds can be conveniently divided into three classes based on the 
mode of coordination of the ligand to metal. The bridging ligand may be 
attached to the metal centers by (i) a,cr, (ii) o-,ir, or (iii) 77,77 bonds. 
Synthetic challenges associated with the preparation of heterobimetallic 
complexes are presently being addressed and overcome, adding to nov¬ 
elty and momentum in this area of chemistry. New and unique reaction 
pathways can be expected when disparate transition metal atoms are 
bridged by organic substrates (77). Beck and co-workers (18), who are 
very active in this area, have given a comprehensive account of the status 
of heterobimetallic complexes and the synthetic methods available for the 
preparation of compounds incorporating hydrocarbons as bridges be¬ 
tween transition metal atoms. 

As new synthetic methods of preparing heterobimetallic complexes 
emerge, selective and regiospecific activation of organic substrates by 
two or more metals becomes possible, creating opportunities for the syn¬ 
thesis of targeted compounds with useful properties. The importance and 
exploitation of a, it coordination of organic moieties have been recognized 
in many intermediates during conversions or in catalytic processes. 
Whereas the fluxional behavior of ligands at metal centers has long been 
investigated (19-21), novel migrations relating to cr-* n exchange pro¬ 
cesses or metal coordination site preference for bimetallic complexes with 
cr, 7 r-bridging acetylene (22) and o-, 77 -thiophene ligands have also been 
observed (23). Another area of significant importance relates to structural 
features of the bridged organic substrate resulting from steric and elec¬ 
tronic properties inflicted by the metal fragments on the bridging ligand 
(24,25). In many instances the bridging ligand has a conjugated 7r system, 
thereby enabling the o--bonded metal to communicate with the 7r-bonded 
metal through 7r-resonance effects. Heterobimetallic compounds with un¬ 
saturated bridging ligands, “electronic bridges” (26,27), have great poten¬ 
tial in application to the development of novel organometallic materials 
which exhibit conducting and optical properties (28,29). 

The scope of this article is confined to the synthesis and properties of 
bimetallic and trimetallic complexes linked by bridging organic substrates 
via o-- and 77 -bonding modes. Thus, ligand activation is achieved both in 
the <j frame and it frame of the molecule. A section of this article dealing 
with hydrocarbon substrates acting as cr,77-bridging ligands overlaps with 
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the review of Beck and co-workers (18). Unlike Beck, who chose to 
organize material according to reaction type, we have arranged com¬ 
plexes according to the nature of compounds represented. 

Bimetallic and trimetallic compounds with cr,77-bridging ligands encom¬ 
pass a general theme in chemistry, which is far too wide to be justifiably 
dealt with in a single article. The range of complexes, which qualifies for 
inclusions, is very diverse and often unrelated. For this reason we have 
decided to limit artificially the scope of the article by excluding certain 
areas which have been reviewed extensively. Therefore, the following 
selection criteria were enforced when material was collected. 

First, only transition metal complexes are considered, thereby exclud¬ 
ing bimetallic and trimetallic compounds with cr- or 7r-bonded main group 
metals, for example, (rf-CsH 4 ER } )M(CO) n X (M = Fe, Mo; E = Ge, Sn, 
Pb; X = Me) (J0), as well as lanthanides and actinides (31). 

Second, complexes with metal-metal bonds are excluded from this 
review article. The presence or absence of a metal-metal bond is not 
always obvious, and its inclusion or omission is often decided by compar¬ 
ing bond distances and/or counting electrons. However, complexes with 
metal-metal bonds which relate closely to material used in the text are 
referred to but not discussed, such as complexes with /x 2 -cr,77 vinyl (6) or 
jjL2-cry7T acetylide ligands (32). Examples where either the cr-bound or 77- 
bound transition metal fragment contains a fragment with a metal-metal 
bonded species, for instance, (i^-CsHsJFe^-QH^—CCo^lCO)^} (33) 
or W{ A t-T ? 1 :T ? 2 :7 ? 2 -C(N(CH 2 CH=CH 2 ) 2 )C=CR{Co 2 (CO) 6 }}(CO) 5 (34), are 
omitted. 

Third, heteroatoms may form part of the n bond, but both the coordi¬ 
nating functionalities must involve a carbon atom. Bimetallic and trime¬ 
tallic complexes with 77 1 - and ^-bridging ligands without carbon atoms, 
such as X=X dichalcogene ligands (X = S, Se, Te) (35,36), diphos- 
phenes, and higher congeners (X = PR, AsR; R - alkyl or aryl) (37,38); 
X=X (X = N, P, As, Sb, etc.) (39,40); pentaphosphaferrocenes such as 
(rf:r) ] :ri l -cyclo-P 5 {Cr(CO) 5 } 2 )Fe(Cp*) (41); metal-containing heterocy¬ 
cles as bridging ligands such as Cp(CO) 2 M{P(Ph) 2 E(R)}Cr(CO)s (M = 
Cr, Mo, W; E = N, P, As, Sb; R - alkyl and aryl substituents) (42); 
Cp*Rh(/Li,77 2 :T7 2 -PP 2 P)RhCp(CO) (43), etc., are not considered. [Cp, cyclo- 
pentadienyl; Cp', methylcyclopentadienyl; Cp*, pentamethylcyclopenta- 
dienyl.] 

Fourth, metallocycles where the metal fragment forms part of a 
pseudoaromatic ring which is 7r-bonded to a second transition metal frag¬ 
ment are omitted on the grounds of a metal-metal bond. This group 
includes metallometallocenes, metalloarenes, ferroles, etc. (44,45). 

Although selective reference is made to older work, we have concen¬ 
trated on the literature after 1980 (45). The review focuses on various 
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aspects which were brought about by the distinct and selective influences 
of transition metals on bridging ligands. We hope to demonstrate the 
richness and potential of the chemistry of bimetallic and trimetallic com¬ 
plexes with cr,7r-bridged ligands. 

Complexes are arranged according to the cr bond of the bridging ligand. 
Three classes are recognized for cr-bonded carbon ligands: (i) metal- 
carbon single bonds (alkyl ligands) (A), (ii) metal-carbon double bonds 
(carbene ligands) (B), and (iii) metal-carbon triple bonds (carbyne li¬ 
gands) (C). These classes are subdivided according to the bonding charac- 



a 8 C 


teristics of the it ligand, and complexes are listed according to (a) increas¬ 
ing bond order, (b) relative positions of the cr bond with respect to the rr 
bond, (c) dimerization of metal fragments with tr,ir functionalities, and (d) 
number of it attachments to one metal fragment. Alkene ligands (rj 2n - 
coordination mode, n = 1,2, ...) precede allylic ligands (^"^-coordina¬ 
tion mode, n = 1, 2, ...), which in turn are discussed before alkyne 
ligands. Rings without a conjugated rr system (“open”) are separated 
from those with conjugated ir bonds and discussed with the linear coun¬ 
terparts. According to nomenclature used by Davies et al. (46), rings with 
conjugated it clouds are termed “closed” and arranged according to in¬ 
creasing ring size. 

Metol-carbon w bonds 

(o) Bond order 



M-/jV 


M' 



(b) Position 


M— 



n-0,1,2, • 
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(c) Dimers 



(d) Number 
even: _ 

-T 

M‘ 




odd: M — 


M' 

Bridging ligands with heteroatoms (X) are grouped according to (a) 
heteroatom attachments as an additional cr-donor ligand (A), (b) hete¬ 
roatoms as part of the jr-bonded ligand (B and C), and (c) heteroatoms 

Heterootom(X) donor ligands 




C D 

which form part of a conjugated tt ring system (D). Within these guide* 
lines, bimetallic complexes are listed before trimetallic compounds. Num¬ 
bers given to compounds in the text may be representative of a specific 
compound or a class of analogous compounds. 
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II 

BRIDGING LIGANDS WITHOUT HETEROATOMS 

A. cr-Alkyl/n-Alkene Complexes 

Vinyl ligands that bridge two metal centers of bimetallic and trimetallic 
complexes derived from cluster precursors almost invariably retain 
metal-metal bonding (A) (6-8,47). Other arrangements of bimetallic com¬ 
plexes with bridging ethylene ligands, which are also excluded from this 
review, are vinylidene complexes (B) (48) and l^-Tj^rj'-alkene bridged 
compounds (C) (49). In contrast, only a few simple bimetallic complexes 
without metal-metal bonds and with /u.-o-, 7 r-bonded vinyl ligands of types 
D and E have been recorded. 



D E 

The complex tRe(CO) 5 (M-T 7 l :T} 2 -CH=CH 2 )Re(CO)j] + BF 4 - (1) was 
formed by reacting Re(CO) 5 FBF 3 with Me 3 SiCH=CH 2 and probably pro¬ 
ceeds through the formation of a o--vinyl complex Re(CO) 5 {CH=CH 2 }, 
which reacts with a [Re(CO) 3 ] + species in a subsequent reaction (50). 
Treatment of Fe(r) 5 -C 5 H 5 )(CO) 2 (CH=CH 2 ) with the Lewis acid precursor 
[Fe(T) 5 -C 5 H 5 )(CO) 2 (THF)] + BF 4 _ affords a stable bimetallic complex with a 
bridging o-,7r-vinyl ligand, [Fe 2 (T} 5 -CsH 5 ) 2 (CO) 4 (/u,-Tj l :T} 2 -CH=CH 2 )] + BF 4 “ 
(2) (51). Spectral data indicate that the positive charge is delocalized over 
both iron centers and that 2 is fluxional at room temperature, with the 
/tt-vinyl ligand oscillating between the two metals. Heterobimetallic com¬ 
plexes 3a and 3b with a bridging o-,7r-ethenyl ligand were synthesized by 
reacting W(T) 5 -C 5 H 5 )(C0) 3 {CH=CHC(0)Ph} and Re(CO) 5 {CH=CHC- 
(O)Me), respectively, with Fe 2 (CO) 9 [Eq. (1)] (7,52). Table I lists selected 
bimetallic complexes with o-,7r-bridged vinyl ligands and Table II lists 
spectral data of some of these compounds. 
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TABLE I 

Selection of Bimetallic Complexes'' with o-,7t-Bridged Vinyl Ligands, 




Co 

mplex 


Method of characterization 

Ref. 

No. 

M 1 

M : 

R 1 

R : 

1 

Re 

Re 

H 

H 

IR; 'H NMR 

(50) 

2 

Fe 

Fe 

H 

H 

[R; 'H, »C NMR 

(5/1 

3 

W 

Fe 

H 

R*C(0) 

1R; 'H NMR 

(52) 

4a 

Zr 

Zr 

H 

Ph 

1R; 'H, "C NMR; X-ray 

(53) 

4c 

Zr 

Zr 

Me 

Me 

'H NMR; X-ray 

(54) 

5a,c 

Rh 

Rh 

C h H 4 R" 

C,H 4 R'’ 

'H, 3, P NMR; X-ray 

(56) 

6a 

Rh 

Rh 

H 

H 

'H, "C, "P NMR; X-ray 

(57) 

7 

Rh 

Rh 

H(Et) 

HUH) 

'H NMR 

(58) 

8 

Re 

Re 

H 

R* 

MS; IR; 'H NMR 

(60) 


" M 2 represents 7r-bonded metal. 
h R represents hydrogen, alkyl, or phenyl substituent. 


L n M-(CH=CHC(0)R) + Fe 2 (CO) g 


L n M , -WCp(C0) 3 ; R=Ph,3a 
L n M'-Re(CO) 5 ; R=Me,3b 

The bridging /x-alkenyl linkage is often aided by a second supporting 
bridging ligand such as H, Cl, and vinylidene ligands. Erker and co¬ 
workers (53) studied the reactions of vinylzirconocene complexes with 
zirconium hydrides. During a slow reaction of (/3-styryI)zirconocene chlo¬ 
ride with the oligomeric hydridozirconocene chloride, a binuclear com¬ 
plex with bridging cr,7r-alkenyl and chloro ligands, {ZrCp 2 } 2 (/x-CI)(^- 
i 7 l :i 7 2 -CH=CHPh) (4a), was formed (5J). The reactive Zr-C bond of 4a 
inserts carbon monoxide with the preservation of a binuclear compound. 
Based on spectroscopic evidence the product that formed on irradiation 
of Cp 2 (Ph)Zr{CH=CHPh} in benzene was formulated as Cp 2 (Ph)Zr{/x- 
V:i7 2 -CH=CHPh}ZrCp 2 (4b). Important features of the molecular struc¬ 
ture of 4a are an almost planar bridging olefinic ligand, a nonbonding Zr- 
Zr distance of 3.498(1) A, and a very short [2.196(7) A] metal-carbon <x- 
bond length. The insertion of 'BuC=CH into a Zr-Me bond of Cp 2 ZrMe 2 
afforded a bimetallic complex (4c) with a ^-tj'-C^C^u and a structurally 


L n MV 


,C(0)R 


T 


Fe(C0) 4 

3 


( 1 ) 
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TABLE 11 


Spectroscopic data 0 of o-,^-Bridged Vinyl Moieties in Selected Bimetallic 
Complexes, L rt M I {T ? 1 :7 ? 2 -C 1 H,C 2 (H a )H b }M 2 L n 


Complex 

IR (cm-') 


'H/ ,3 C NMR (6, ppm) 


Ref. 

No. 

M 1 

M 2 

u 

II 

V 

X 

Medium 

H, 

C, 

H a 

c 2 

H b 

Solvent 

1 

Re 

Re 

1535 

KBr 

6.81 


5.15 


5.63 

cd 3 no 2 

(50) 

2 

Fe 

Fe 

— 

— 

7.53 


3.37 


4.67 

cd 3 no 2 

(51) 







133.2 


63.3 


(cd 3 ) 2 co 

(51) 

3b 

Re 

Fe 

1410 

KBr 

8.85 


4.69 


4.69 

CDCh 

(52) 

4a 

Zr 

Zr 

— 

— 

7.70 

170.3 

4.56 

84.9 

4.56 

C h D 6 

(53) 

6a 

Rh 

Rh 

— 

— 

9.48 

195.6 

4.36 

79.7 

6.37 

c 6 d 6 

(57) 

8a 

Re 

Re 

— 

— 

7.18 


4.46 


6.26 

CDCh 

(60) 


0 Assignment according to authors; M 2 represents 7r-bonded metal. 


distorted o-, 7 r-bridging alkene ligand. The structure of 4c indicates a pla¬ 
nar 1,2-dimetalloalkene ligand, in which one Zr center interacts with the 
methyl substituent and is <r-bonded to the alkene and the other is 77- 
bonded to the carbons of the double bond (54). 

Mononuclear metal complexes that catalyze alkyne hydrogenation 
yield c/s-alkenes, and the formation of frans-alkenes is ascribed to a sub¬ 
sequent isomerization step. In contrast, Muetterties and co-workers (55) 
showed that a catalytic alkyne hydrogenation reaction effected at two or 
more metal centers has the potential for frans-alkene formation. Diaryl- 
alkynes and dialkylalkynes react with (/Lt-H)(Rh{P(0'Pr)3} 2 ) 2 in the ab¬ 
sence of hydrogen to form Rh 2 {P(0'Pr)3} 4 (/a-H) 2 (/a-i7 2 -RC 2 R) and 
{Rh 2 {P(O'Pr)3} 4 0x-H)3}(H) (56). In a subsequent reaction of the tetrahy- 
drido complex and the appropriate alkyne, /z-rr,77-vinyl complexes with 
supporting hydrogen bridging ligands, Rh 2 {P(0'Pr)3} 4 (/x-H){/x-y :t) 2 - 
C(R)=C(H)R} (5) [R = Me (5a), Ph (5b), MeC 6 H 4 (5c)], were isolated. 
Similarly, the reaction of the electron-rich binuclear complex {Rh- 
(dippe)} 2 (/n-H) 2 (dippe is l, 2 -bis(diisopropylphosphino)ethane] with ethyl¬ 
ene afforded a bimetallic rhodium complex with bridging hydride and cr, 77 - 
vinyl ligands (6a) ( 57 ). Reactions of the binuclear rhodium hydride with 
propene, 1-hexene, c/s-2-pentene, and trans-butene generate the analo¬ 
gous <r,7 r-alkenyl hydrides {(dippe)Rh} 2 (/x-H){/x-V :t} 2 -CR'=CHR 2 ) (6) 
[R 1 = H, R 2 = H (6a), Me (6b), C 4 H 9 (6c), C3H7 (6d); R 1 , R 2 = Me, Et (6e), 
H, Et (6f), Me, Me (6g)] in at least two structurally isomeric forms. 

The crystal structure determination of Rh 2 (dippe) 2 (/x-H)(/x-T) 1 :tj 2 - 
CH=CH 2 ) (6a) reveals a disordered vinyl group and an asymmetrically 
bridging hydride ligand [Rh(l)-H distance 1.84(4) A and Rh(2)-H dis- 
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TABLE III 

Selected X-Ray data" for a-,^-B ridged Vinyl Moieties in Bimetallic Complexes 


L n M 



Complex Bond distances (A) Bond angles (°) 


No. 

M 1 

M 2 

M'-M 2 

M'-C x 

M 2 -C| 

m 2 -c 2 

M 2 C : -M 2 C, 

c,-c : 

M'-Q-M- 

a l{ 

Ref. 

4a 

Zr 

Zr 

3.498 

2.196 

2.462 

2.440 

-0.022 

1.42 

97.2 

143.5 

(5J1 

4c 

Zr 

Zr 

3.485 

2.365 

2.486 

2.168 

-0.318 

1.336 

91.8 

— 

(54) 

5a 

Rh 

Rh 

2.889 

2.049 

2.217 

2.294 

0.077 

1.40 

85.2 

— 

(56) 

5c 

Rh 

Rh 

2.936 

2.076 

2.226 

2.292 

0.066 

1.40 

86.0 

— 

(56) 

6a* 

Rh 

Rh 

2.866 

2.091 

2.210 

2.295 

0.085 

1.362 

83.5 

— 

(57) 





2.004 

2.216 

2.314 

0.098 

1.33 




9c c 

Ru 

Zr 

— 

2.095 

2.185 

2.564 

0.359 

1.304 

— 

144 

(64) 


" Standard deviations omitted. 
h Disordered vinyl group; two positions. 

‘ Ligand o-,<x-bridging ethylene, but with agostic Zr-H interaction. 

<' a = M'-C,-C 2 


tance 1.66(4) A]. Even though complexes 5a, 5c, and 6a are formally 
without metal-metal bonds, crystal structure data indicate short Rh-Rh 
distances of 2.889(2), 2.936(1), and 2.866(1) A, respectively (Table III). 
The reaction of excess buta-1,3-diene with the coordinated unsaturated 
binuclear rhodium hydride complex Rh 2 {P( 0 'Pr) 2 CH 2 CH 2 P( 0 T > r) 2 } 2 (jU- 
H) 2 gave a mixture of the but-l-enyl hydrides Rh 2 {P(0 , Pr)->CH2CH^P- 
(0'Pr) 2 } 2 (At-H)(M‘R , CH=CHR 2 )}(7) [R 1 = H, R 2 = Et (7a); R> = Et, R 2 = 
H (7b)], which were characterized spectroscopically (58). The dimers, in 
the presence of excess butadiene, subsequently decomposed to a mixture 
of syn and anti isomers of the mononuclear rhodium allyl complexes. 

It has been postulated that the formation of a /i-Tjbr^-vinyl ligand in 
binuclear intermediates involves the activation of a coordinated olefin by 
one metal center followed by an intramolecular oxidative addition of a 


T 

L M-M‘L_ 

n n 


oxidative 

addition 


J X M'L 

L n“-H / 


n 


( 2 ) 


vinylic C-H bond to an adjacent, coordinatively unsaturated site [Eq. (2)] 
(59,60). Photolysis of Re 2 (CO), 0 in the presence of substituted alkenes 
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afforded the bimetallic complexes Re 2 (CO) 8 (/x-T 9 1 :T 9 2 -CH=CHR)(/x-H) 
(8) [R = H (8a), Me (8b), Et (8c), n-C 4 H 9 (8d)], which were formulated 
with Re-Re bonds (60). Metal-metal bond fissions by fluorinated alkenes 
have also been recorded, and the insertion of tetrafluoroethylene into an 
iron-iron bond was studied by Ibers and co-workers (61). They suggested 
that the thermal rearrangement of fi-r} ] -CF 2 =CF 2 to /a-V-CFCF 3 pro¬ 
ceeds via a /a-tj 1 :t 9 2 -CF=CF 2 intermediate, and a related /x-vinyl bridged 
cation (9a) was obtained after fluoride abstraction with boron trifluoride 
etherate [Eq. (3)]. 


Fe2(C0)6(M“SMe)2 + ^2^4 




M /!x!\ e 

(CO)f* Te(CO) 3 


+ 


(3) 


r 


9o 


In many instances, based on spectroscopic evidence, bridging tj'itj 2 - 
olefinic intermediates or products have been postulated. The 'H and 13 C 
NMR data reveal two nonequivalent Fp groups [Fp is CpFe(CO) 2 ] 
and a bridging ketene moiety for the l,4-dimetalla-2-butanones, 
FpCH 2 C(0)ML„ [ML„ = CpFe(CO) 2 , CpMo(CO) 2 L, Mn(CO) 3 , CpNi(CO), 
Co(CO) 3 L] (62). The infrared data are consistent with a significant contri¬ 
bution of the 77 complex formulated as A in describing the structure of the 
heterobimetallic /u-V-iC.O-ketene complexes. Complexes containing a 
C 2 bridge between an electron-rich metal and an electron-deficient metal 
often exhibit unusual structural and reactivity features. The reaction of 
Cp 2 Zr(H)Cl polymer with Cp(Me 3 P) 2 Ru{CH=CH 2 } and Cp(Me 3 P) 2 - 
Ru{C=CH} gave the dimetalloalkane Cp(Me 3 P) 2 Ru(/u-CH 2 CH 2 )ZrCp 2 Cl 
(9b) and the dimetalloalkene Cp(Me 3 P) 2 Ru(/u-CH=CH)ZrCp 2 Cl (9c) re¬ 
spectively (63,64). Structural and spectroscopic data reveal that these 
complexes have a three-center, two-electron agostic interaction between 
the Zr and the proton of the carbon /3 to the zirconium. 

Diallylplatinum reacts with dry hydrogen chloride to give polymeric 
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0 



Fp + 


A 

chloro(allyl)platinum, the crystal structure of which reveals a tetranuclear 
cyclic assembly of alternating nonplanar cr,7r-bonded di vinyl and dichloro 
bridging ligands (65). The reaction of {F^V-QH.OClh w ith thallium(l) 
acetylacetonate gives the dimer Pt 2 (acac) 2 (/i-o%7r-C3H5) 2 (10), where each 
Pt atom is cr-bonded to one and 77 -bonded to the second vinyl ligand [acac, 
acetylacetonate.] The structure of 10 reveals a nonbonding Pt-Pt dis¬ 
tance of 3.495(2) A and a significant trans influence in the Pt-0 bond 
lengths with respect to the and 7r-bonded vinyl group. The Pt-0 dis¬ 
tances are 2.07(2) A trans to cr-vinyl and l .98(2) A trans to 7r-vinyl ligand. 

Hegedus and Tamura (66) postulated that reactions of acyliron, acyl- 
nickel, and cobalt carbonyl anions with r^-allyl complexes of palladium 
proceed via unstable bimetallic intermediates with bridging cr,7r-alkenyl 
ligands, LXRC(0))M{V:T7 2 -CH=CHR}PdL,,. Products isolated from the 
acylation of 7r-allyl ligands were t*,/3- and a,y-unsaturated ketones. 

The reaction of nucleophiles with cationic polyolefinic complexes has 
been widely investigated, and addition reactions occur according to the 
Davies-Mingos-Green rules (46). Beck and co-workers ( 18,67 ) have 
shown that the addition to 7r-coordinated unsaturated hydrocarbons in 
cationic complexes of carbonyl metallates, instead of common organic 
nucleophiles, affords a versatile entry to the direct synthesis of bimetallic 
and trimetallic complexes with o\7r-bridging ligands. Nucleophilic attack 
of anionic transition metal carbonyl complexes on cationic ally 1 com¬ 
plexes was employed to synthesize a large number of stable bimetallic and 
trimetallic complexes with bridging o-,7i-propenyl ligands, L„M{(/a-tX:tt- 
(m = I or 2). Heterobimetallic complexes (CO) 5 M 
C 3 Hs}M L rt (11) [M = Re, M'L„ = W(CO) 5 (11a), Fe(CO) 4 (lib), Ru(CO) 4 
(11c), Os(CO) 4 (lid), MnCp(CO) 2 (lie), ReCp(CO) 2 (Ilf), CoCp(CO) 
(llg), IrCp*(7j 2 -C 2 H 4 ) (llh), MoCp(COXNO) (Hi) MoCp'(COXNO) (llj); 
M = Mn, M'L„ = ReCp(CO) 2 (Ilk); M - FeCp(CO) 2 , M'L„ = IrCp*d? 2 - 
C 2 H 4 ) (111)] were directly synthesized from anionic metal substrates ML,, 
and the cationic ally! precursors L A ,MXallyl) + [Eq. (4)] (67,68). In contrast 
to organic nucleophiles which attack the central carbon of the allyl ligand 
and yield metallocyclobutanes (46,69), organometallic nucleophiles attack 
the terminal carbon of the allyl ligand, affording bimetallic complexes 
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with bridging o-, 7 T-propenyl ligands (18). The cationic complex [IrCp*(rj 2 - 
C 2 H 4 )(i 7 3 -C 3 H 5 )] + has three different ^-coordinated ligands. Whereas the 
Davies-Green-Mingos rules (46) predict that nucleophilic attack in this 
system should take place on the ethylene ligand, attack occurs only on the 
allyl ligand (68). The reaction of carbonylmetallates was shown to pro¬ 
ceed stereospecifically, affording only the exo isomer (67,68). A ratio of 
1:3.5 for the endo:exo isomers was recorded for the complexes L„M{/x- 
V:tj 2 -C 3 H5 }Ii€p*(V-C 2 H4) [ML, = Re(CO) 5 , FeCp(CO) 2 ] (68). 

The NMR data for 11 displayed no evidence of any fluxional behavior 
for the complexes in solution. Structural features associated with the 
jt-o-, 7 r-propenyl ligand of llh and llj are consistent with a strong metal- 
carbon or bond, a typical sp 3 -sp 2 carbon-carbon single bond distance, and 
a significantly shorter olefinic carbon-carbon bond which is tj 2 -bonded to 
the second metal fragment (67,68). 



11 


The complex where one fluoro substituent was displaced by a Mn(CO) 5 
fragment, by the reaction of manganese pentacarbonyl anion and 
perfluoronorbomadiene, reacts with Pt(PPh 3 ) 4 to afford the Pt-Mn bime¬ 
tallic complex (CO) 4 (PPh 3 )Mn-{/i-T 7 1 :Tj 2 -C 7 F 7 }{Pt(PPh 3 ) 2 } (9b) which has a 
tr,^-bonded bridging fluorinated norbomadiene ligand (70). 

The complexes Fp{CH 2 C(R)=CH 2 } react rapidly with HgCl 2 in tetrahy- 
drofuran (THF) to yield 1:1 adducts which convert to the respective PF 6 ^ 
salts, [Fp{7} 2 -CH 2 =C(R)CH 2 HgCl}]PF 6 (11) (R = H (11m), Me (lln)] (71). 
The reaction of Fp{CH 2 C=CPh} with HgCl 2 was slower and was investi¬ 
gated in greater detail. The cleavage of the iron-carbon a bond was 
ascribed to an initial attack of the triple bond on the electrophilic HgCl 2 , 
affording a tr.Tr-allene-bridged iron intermediate which rearranges to the 
final products. 

King and Bisnette (72) abstracted a hydride with Ph 3 C + PF 6 ~ from the 
/3-carbon atom of the cr,<r-propadiyl bridge in the complex FpCH 2 
CH 2 CH 2 Fp to give the cationic o-,ir-bonded propenyl-bridged complex 
[Fp 2 {m-V:tj 2 -CH 2 CH=CH 2 }]PF 6 (12). Whereas the spectroscopic data 
of complexes 11 did not display any fluxional behavior in solution, the 
corresponding cationic bis(iron) complex 12 belonged to the general class 
of dinuclear fluxional complexes. Infrared and variable-temperature 'H 
and 13 C NMR studies of 12 and related complexes indicate asymmetrical 
hybrid structures (21,73), and an X-ray crystal structure determination 
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reveals a nonclassically bonded rigid 7r-allylic bridging ligand in the solid 
state (74,75). The manganese precursor {Mn(CO)<;} 2 {/a-l ,3-CH 2 CH 2 CH 2 }, 
on treatment with triphenyl hexafluorophosphate, reacted differently and 
gave only oxidized products without bridging o-,7r-propenyl ligands. Com¬ 
plex 12 unexpectedly formed in high yield from the reaction of 2 equiv of 
PfhC + PF 6 with the triiron precursor {Cp(CO) 2 FeCH 2 } 3 CH (76). As very 
little triphenylmethane was detected, an alternative mechanism involving 
radical species was proposed for the formation of 12. The stabilized cat- 



FeCp(CO ) 2 

A 


+ 


i 


Cp(CO) 2 Fe 


CpfCO^Fe^Y^ 

FeCp(CO ) 2 


Cp(CO)«Fe—^ 1 

V 2 >- + HPF, 

Cp(CO)2Fe— 


(5) 


ionic complex B was isolated by utilizing the less stable precursor A as a 
metal fragment transferring agent [Eq. (5)] (77). Protonation of C gives B, 
and the reaction of A with C affords a cationic trimetallic complex with a 
cr,cr, 7 r-bonded 2-methylene-1,3-propanediyl bridging ligand whereby the 
iron fragment of A was transferred to the double bond of C (76). Other 
examples of fluxional dinuclear cyclopentadienyliron complexes where A 
was used as a source of Fp + are those with cr,77-bound 3-cyclopentene, 3- 
cyclohexene, and 4-metoxypenta- 1,3-diene ligands (77). 

The iron methylidene complexes Cp(CO) 2 FeCH 2 + were used as alkylat¬ 
ing agents toward uncoordinated double bonds in allylic ligands (78). In 
the reaction of Cp(CO) 2 Fe{CH 2 CH=CH 2 } the bimetallic complex Fp 2 (/a- 
T 7 ! :i 7 2 -CH 2 CH 2 CH=CH 2 ) was obtained in low yield. Hydride abstraction 
from /3-carbon atoms with triphenyl hexafluorophosphate of cr,cr-hydro- 
carbon-bridged bimetallic complexes, {FeCp(CO) 2 } 2 {/a-(CH 2 ),,} (n = 4-6), 
transformed the cr,cr ligand into a cr,7r bridge and gave the complexes 
[{FeCp(CO) 2 } 2 {/x-i 7 l :i 7 2 -(C^H 2 ,^ 1 )}]PF 6 (79). An alternative route to 
the BF 4 salt of the cation where n is 5 has been reported for the 
olefin-coupling reaction of [FeCp(CO) 2 {CH 2 =CH 2 }] + with FeCp(CO) 2 - 
{CH 2 CH=CH 2 } (80). 
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Olefin-coupling reactions of Tj'-allyliron complexes with a variety of 
cationic iron-olefin complexes (ethylene, propene, styrene, etc.) were 
utilized to give cationic bimetallic complexes with cr,7r-hydrocarbon 
bridges (80,81). The condensation of simple [Fp(olefin)] + substrates with 
Fp(allyl) precursors was extended to the reaction with Fp(l,3-butadi- 
ene) + . Initial attack at C-l or C-4 leads to the formation of dinuclear 
complexes with cr-coordinated and ^-coordinated Fp fragments, which by 
subsequent intramolecular condensation could give either cyclohexenyl 
or cyclopentenyl intermediates. Attack at C-2 yields a dinuclear complex 
incapable of further intramolecular reaction [Eqs. (6-8)]. 


Fp(allyl) 




Beck and co-workers studied the reactions of dianionic osmiumtetra- 
carbonyl, [Os(CO) 4 ] 2- , with 2 equiv of [ML^^-allylXT, thereby extend¬ 
ing the method of preparing binuclear complexes with alkyl-alkene 
bridges to trinuclear complexes with two <r,7r-hydrocarbon bridges, 
{L n M(7 ? 1 :7 ? 2 -CH 2 CH=CH 2 )} 2 Os(CO)4 (13) [ML„ = MoCp(CO)(NO) (13a), 
Fe(CO) 4 (13b), Ru(CO) 4 (13c), MnCp(CO) 2 (13d), ReCp(CO) 2 (13e), 
IrCp*(T 7 2 -C 2 H 4 ) (13f)] (18,68,82). The metal-propenyl ligands (L) in the 
trimetallic complexes 13 are in the cis positions of Os(CO) 4 L 2 and are 
generally less stable than the bimetallic counterparts. Complex 13a is an 
unstable oil, and 13b and 13c are orange solids which decompose at 39 and 
41°C, respectively. The proton resonances in the NMR spectra for the 
two cr, 7 r-propenyl bridges gave two separate sets of signals. 

MoCp(CO)(NO) 

Cp(CO)(NO)Mo I 


13o 

A new mode of bridging for a buta-l,3-dienyl ligand was observed in 
Rh 2 (dippe) 2 (/x-H)f/x-T 7 l :T 7 4 -C 4 H 5 ) (14), the product from the reaction of 



(j, 7r-Bridging Ligands in Bi- and Trimetal I ic Complexes 


233 


buta-1,3-diene with Rl^dippehOx-Hh (5S). The structure of 14 was con¬ 
firmed by an X-ray crystal structure determination and reveals a buta- 
dienyl unit which bridges the two rhodium centers via an rj 4 -c\s attach¬ 
ment to one of the metals geometrically designated as square pyramidal 
with the /x-H in the apical position. 

A spontaneous electron transfer reaction was observed by Lehmann 
and Kochi (83) on the addition of the cationic electrophilic complex 
[Fe(i 7 s -cyclohexadienyl)(CO) 3 ] + to [MotV-CsH.sKCO)^] - . Radical inter¬ 
mediates formed and combined to give the dimeric complexes 
Fe 2 {/x-V:V-(C 6 H 7 —C 6 H 7 )}(CO) 6 and Mo 2 Cp 2 (CO)6, which were isolated 
in almost quantitative yields. In contrast, the open chain 
analogs LFeti^-penta/hexadienylHCOh] 4 lead, under identical reaction 
conditions, to the nucleophilic adducts CpfCOFMof/x-r/'iV-CI-h- 
CH=CH—CH=CHR)Fe(CO) 3 (15) [R = H (15a), Me (15b)]. A bimetal¬ 
lic intermediate with a bridging ViV-cyclohexadienyl ligand could be 
characterized spectroscopically at low temperatures for the cyclohex- 
adienyl precursor but on warming converted to the molybdenum and 
cyclohexadienyliron dimers. 



+ Re(co) 5 ~l 


R-H a.Me b 


R —^ | ^- 

Fe(CO) 3 

16 


^Re(CO)- (9) 



ML n =Fe(CO) 3 .M , L n =Re(CO) 5 a,Mn(CO) 5 b,WCp(CO) 3 c 
ML n -Ru(CO) 3 ,M'L n -Re(CO) 5 d,e,Mn(CO) 5 f.WCp(CO) 3 g 
ML n -CoCp,M’L n -Ru(CO) 5 h 

Beck and co-workers (84,85) utilized the anionic carbonylmetallates 
[M(CO) 5 ] (M = Mn, Re) and [WCp(COh]~ in nucleophilic addition reac¬ 
tions with cationic hexadienyl, cyclohexadienyl, cycloheptadienyl, and 
cyclooctadienyl complexes of iron and ruthenium to give heterobimetallic 
complexes with tj 1 ^-hydrocarbon bridges. The reaction of [Fe(7j 5 - 
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C 5 H 6 R)(CO) 3 ] + with [Re(CO) 5 ]' afforded the open chain, V-butadiene 
bimetallic complexes (CO) 5 Re{/x-T) l :-r) 4 -CH 2 CH=CH—CH=CHR}Fe- 
(CO) 3 (16) [R = H (16a), Me (16b)] [Eq. (9)]. The corresponding cyclo- 
hexadienyl precursor [M(t) 5 -C 6 H 7 )(CO) 3 ] + with M’L„" gave the analogous 
cyclic Tj 4 -hexadiene complexes L n M'{M-T)':T) 4 -C 6 H 7 }M(CO) 3 (17) [M = 
Fe, M'L„ = Re(CO) 5 (17a), Mn(CO) 5 (17b), WCp(CO) 3 (17c); M = Ru, 
M'L„ = Re(CO) 5 (17d,e), Mn(CO) 5 (17f), WCp(CO) 3 (17g)] [Eq. (10)]. 
Interestingly, the cr-bonded rhenium fragment of the bridging cyclohex- 
adienyl ligand of 17d migrates to a sp 2 carbon to give the thermodynami¬ 
cally more stable, more highly substituted diene 17e (85). The complex 
(CO^Rel/u.-T? 1 : 2 - 5 - 17 4 -C 6 H 7 }CoCp (1710 was synthesized by the same 
method using CpCo(i 7 5 -cyclohexadienyl) + (86). 



Whereas the bimetallic complex (CO)5Re{ji-y:2-5-i7 4 -cyclohepta- 
diene}Fe(CO) 3 was the major product from the reaction of the cyclohepta- 
dienyl precursor of iron and pentacarbonylrhenate, only redox products, 
namely, Mn 2 (CO)| 0 and (/i-i 7 4 :i 7 4 -C 7 H 8 —C 7 H g ){Fe(CO) 3 } 2 , were obtained 
from the similar reaction with [Mn(CO) 5 ]~ (85). The cationic cyclohepta- 
dienyl compounds [Fe(Tj 5 -C 7 H 9 )(T) 4 -diene)(CO)] + and [CoCp(tj 5 -C 7 H 9 )] + 
react with [Re(CO)s]~ to afford the corresponding r) l :2-5-r/ 4 -cyclohepta- 
diene-bridged bimetallic complexes (2-5-i7 4 -C 7 H 9 {Re(CO) 5 })ML„ (17) 
[ML„ = Fe(diene)(CO), diene being 2,3-dimethylbutadiene (17i), 1,3- 
cyclohexadiene (17j), ML„ = CoCp (17k)] (68). Again, the same proce¬ 
dure with [Mn(CO) 5 ]~ yielded only r) 4 :i 7 4 -c oo rdinated diiron and dicobalt 
compounds with C-C coupled rings and Mn 2 (CO)| 0 (86). The reaction of 
cationic l-3-Tj 3 :5-i7 2 -cyclooctadienyl complexes [M(i7 2 .V-C g Hn)(CO)3] + 
[M = Fe (a), Ru, (b)] with [Re(CO) 5 ]~ afforded bimetallic complexes 18 
with the 3-V:l,5-7) 4 -cyclooctadienyl bridging ligand [Eq. (11)]. The crys¬ 
tal structure of 18b indicates a highly distorted boat conformation for the 
bridging COD ligand (COD is cyclooctadiene). The same regioselectivity 
whereby attack occurs on the terminal carbon of the allyl function was 
found for [Fe{2-4-T) 3 :6-r) 2 -bicyclooctadienyl}(CO)3] + (6S,S5). The ir- 
bonded cationic bicyclo[5.1.0]octadienyl precursors reacted with 
[Re(CO) 5 ]~ to give bicyclic products 18c-f the structure of which reveals 
that the cyclopropane ring stayed intact and is in the 2 position, which is 
adjacent to the cr-bonded Re fragment and one of the two 7r bonds of the 
Fe(CO) 3 unit. 
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R=H c,MeC(0) d,EtC(0) e,PhC(0) f 

Trimetallic complexes with two identical cr, 7 r-bridging ring ligands hav¬ 
ing different ring sizes and numbers of 7 t attachments have been studied. 
The complexes with two bridging cyclohexadienyl (19a), cyclohepta- 
dienyl (19b), and cycloheptatrienyl (19c-f) ligands were synthesized by 
the nucleophilic addition reactions of dianionic carbonylmetallates, 
[M(CO) 4 ] 2_ (M = Os, Ru), and two equivalents of the appropriate cationic 
metal allyl substrates (82). 





M=Os,M'*Cr c,Mo d 
M=Ru,M'=Cr ©,Mo f 


B. a-- Alky Hit- Allyl Complexes 

As far as we are aware, no examples of bimetallic complexes of the 
structural type G exist, where a C 3 allyl ligand acts as an H 4 

bridging ligand with two transition metals but without metal-metal bonds. 
Methods for the preparation of such complexes are not obvious and may 
pose a synthetic challenge. In contrast, many examples of fi -allyl (B), /a- 
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alkylidene (C) and /x-alkenyl (D) complexes with metal-metal bonds have 
been recorded (6). In many instances unambiguous classification of a 
bridging ligand such as B, being represented by only one of the structural 
representations C-E, is very difficult. Nevertheless, such classifications 
may be useful in describing different aspects of the structures, spectro¬ 
scopic data, and reactivity patterns of these complexes. Interestingly, one 
of the structural forms E is formulated without a metal-metal bond and 
represents an V-carbene-alkene ligand (87). 



a B 


l»<T> 

«■» 

CD E 


M ‘ L n »«-„ 

F C 

The conjugated alkylidene complexes W(CO) 5 {=C(OR)CH==CHR'} 
(R = Me, R' = H, Me, Ph) react with coordinatively unsaturated W(CO) 5 
[generated from (CO) 5 WCPh 2 (87) or (CO) 5 W(THF) (SS)] to give the dinu- 
clear complex W 2 (CO) 9 {V :7j 3 -C(OMe)CHCHR'}. Although it was not 
possible to detect or isolate the intermediate X, there is enough literature 
support for the formation of such a species. The synthesis of heterobime- 
tallic /i-carbene complexes with metal-metal bonds through the addition 
of coordinatively unsaturated metal fragments to Fischer-type carbene 
complexes was introduced by Stone and co-workers (89,90) and has been 
extensively applied to the preparation of many novel cluster compounds. 
The disappearance of the characteristic carbene carbon signals in the 13 C 
NMR spectra of the tungsten-carbene precursors at around 305 ppm and 
the appearance of new signals at around 230 ppm are indicative of the 
formation of bridging alkylidene ligands (87). The W 2 Cp 2 (CO) 6 dimer re- 


L "‘V|V 
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acts photochemically with 1,3-butadiene via CO elimination and a 1,4-H 
shift to give, in very low yield, a bimetallic complex with am 
CHCH—CHCH 3 bridging ligand (91). A single-crystal structure determi¬ 
nation indicated a W-W distance of 3.11(1) A, which corresponds to a 
W-W single bond. 



x 

Examples of bimetallic complexes with and without metal-metal bonds 
with bridging o-, 7 r- 2 -allyl ligands (F) have been recorded (Tables IV and V) 
(92,93). The bimetallic complexes CpC'Pr^PJPd^-Z-r? 1 : l- 3 - 7 ) 3 -C 3 H 4 }Pd- 
(P'Pr 3 )X (20) [X = Cl (20a), Br (20b)] are formed through the insertion of 
allene into a Pd-Pd bond. The structure determination of 20b reveals two 
Pd fragments bridged by a bent C 3 H 4 unit and a Pd-Pd distance of 3.575(3) 
A, which is significantly longer than the Pd-Pd distance of 2.61 A found 
for the precursor. Powell and co-workers (94) obtained o-, 7 r- 2 -alIyl 
bridged Pt-Fe bimetallic complexes of the structure type F by adding 
Pt(PPh 3 ) 2 (T 7 2 -C 2 H 4 ), with its labile ethylene ligand, to the allene com¬ 
plex FeCp(PRPh 2 )(CO)(CH 2 =C=CH 2 ) to give {Tj 3 -2-C 3 H 5 {FeCp 
(CO)(PR 3 )}Pt(PPh 3 ) 2 (20) [PR 3 = PPh 2 H (20c), PMe 2 Ph (20d)]. The Pt-Fe 
distance of 3.794 A in 20d is clearly nonbonding, the plane of the ally 1 


TABLE IV 

Bimetallic Comlexes" with <r,^-B ridged Allyl Ligands, 
L j M , {/i-(X)CR , CR 2 C(R 3 )R 4 }M 2 L v 





Complex 




Method of characterization 

Ref. 

No. 

M 1 

M : 

X 

R 1 

R 2 

R- 

R 4 

20b 

Pd 

Pd 

H 

H 

M'Ly 

H 

H 

MS; 'H NMR; X-ray 

(93) 

20d 

Fe 

Pt 

H 

H 

M'Ly 

H 

H 

IR; >H, l3 C NMR; X-ray 

(94) 

22a, b 

Mn 

Mo 

CH, 

H 

H 

H 

H 

IR; 'H NMR 

(98) 

22c 

Re 

Mo 

ch 2 

H 

H 

H 

Me 

IR; 'H NMR; X-ray 

(98) 

23 

Re 

Mo 

H 

H 

CH 2 M’L v 

H 

H 

IR; 'H, l3 C NMR 

(98) 

24 

Pt 

Pt 

H 

H 

CH ; M'L V 

H 

H 

■H, l3 C, ?I P, w ?i NMR 

uon 

25a 

Pt 

Pt 

CPh 

— 

Ph 

H 

Ph 

‘H NMR; X-ray 

(106) 

28 

Fe 

Fe 

C(0)M-L v 

Ph 

M'L V 

H 

H 

IR; 'H , ,3 C NMR; X-ray 

(III) 

29 

Pd 

Pd 

CjHkM’L, 

H 

H 

H 

H 

IR; >H NMR 

(112) 


" M : represents 7r-bonded metal. 
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TABLE V 

Spectroscopic Data" of <x,7t- Bridged Allyl Moieties in Selected Bimetallic 
Complexes, L n M l {MX)C 1 R , C 2 R 2 C 3 (R 3 )R 4 }M 2 L /1 


Complex 'H/ n C NMR* (6, ppm) 


No. 

M 1 

M 2 

X 

C, 

R 1 

R 2 

c 2 

R 3 

c, 

R 4 

Solvent 

Ref. 

20b 

Pd 

Pd 

5.30 


4.15 

_ 

2.80 


3.70 


(93) 

20d 

Fe 

Pt 

4.50 


3.71 

— 

2.96 


3.61 

CD 2 C1 2 

(94) 





81.5 


219 


80.9 


cd 2 c\ 2 


22c 

Re 

Mo 

2.83 


1.92 

1.64 

1.92 


2.83 

cd 2 ci 2 

(98) 





74.2 


125.5 


94.2 


cd 2 ci 2 


24 

Pt 

Pt 

3.46 


2.49 

2.46 

2.49 


3.46 

cd 2 ci 2 

uon 





65.4 


148 


65.4 


cd 2 ci 2 


28 

Fe 

Fe 

— 


— 

— 

2.00 

5^.7 

2.75 

CDC 13 

(HI) 





140.2 


73.2 



cdci 3 


29 

Pd 

Pd 

— 


4.0 

5.43 

3.0 


4.0 

CDCh 

(112) 


" Assignments according to authors; M 2 represents 7r-bonded metal. 
h l3 C NMR data are given under 'H NMR data. 


group is slanted with respect to the PtL 2 fragment, as is typical for Pt- 
allyl structures, and the iron is displaced out of the plane of the allyl 
ligand. 

The dimetallocycle Ru 2 Cp 2 (C0)(/x-C0){/x-C(0)C(Ph)=CPh2}, which 
is readily obtained by the photochemical reaction of diphenylacetylene 
with the Ru 2 Cp 2 (CO) 4 dimer, has been reported to undergo quantitative 
diphenylacetylene exchange when heated with allene in toluene (95). 
Spectroscopic data suggest a bimetallic product, Cp(CO) 2 Ru{/x-2-T) 1 :i7 3 - 
CH 2 C=CH 2 }RuCp(CO) (21), which contains an T) 3 -allyl complex of a 
RuCp(CO) fragment, with the RuCp(CO) 2 -fragment as a cr-bound 2-allyl 
substituent. Thus, in the process of coordinating to the two ruthenium 
metal atoms the metal-metal bonding is removed by the allene ligand. 
The reaction of 21 with HBF 4 yields a cationic dinuclear complex with a 
bridging methylvinyl ligand which, after subsequent treatment with 
NaBH 4 , represents a convenient, high yield synthesis of a /x-dimethylcar- 
bene complex, {RuCp(CO)} 2 (/x-CO)(/x-T 7 , -CMe 2 ). 


1 + 



A 
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R\ ^ 1 + 
R 1 —+ 

MoCp(CO) 2 


M'(CO) 5 1 


22 

M' 

R 1 

R 2 

R J 

a 

Mn 

H 

H 

H 

b 

Re 

H 

H 

H 

c 

Re 

Me 

H 

H 

d 

Re 

H 

Me 

H 

e 

Re 

Me 

Me 

H 


L n M ' 


(13) 


22 

B 



Where the addition of organometallic nucleophiles, lM(CO) 5 ]~ (M = 
Mn, Re), to cationic ^-coordinated 1,3-diene complexes afforded bime¬ 
tallic complexes with rr,o--bridging but-2-ene-l,4-diyl ligands (A) [Eq. 
(12)], ^-coordinated 1,3-dienes yielded bridging Tj'irj’-butadienyl ligands 
(B) [Eq. (13)] (96-98). The heterobimetallic complexes (COEM{,u-y :i7 3 - 
CH.CR'CR-CHR'JMoCpICO): (22) [M = Mn (22a), Re (22b), R' = R- = 
R 1 = H; M = Re (22c-e), R 1 , R 2 , R 1 = H and/or Me] were synthesized 
from the reaction of [Mo(Cp)(CO)i(diene)] + and [M(CO) 5 ]“. The crystal 
structure determination of 22c (M = Re, R 1 = R 2 = H, R 3 = Me) indicates 
that the pentacarbonylrhenate(I) attacked a terminal methylene carbon 
atom of the diene, forcing it out of the plane of the allyl system and 
placing the metal fragment in an exo position in the solid state (98). 


Cp(CO) 2 Mo 



+ 


+ Re(CO ) 5 


V 


Cp(CO),Mo . 


Re(CO)c 


23 


(14) 


Cyclopentadiene and 1,3-cyclohexadiene ligands react similarly with 
pentacarbonylrhenate(I) to give Mo-Re bimetallic complexes with cyclic 
ligands which are cr-bonded to the rhenium and -ir-bonded (allylic) to 
molybdenum (96,98,99). The cr,7T-bridged C 4 /.voallyl analog F, 
(CO)5Re{/A-T)':T) 3 -CH2C(CH:)CH2}MoCp(CO)2 (23), was synthesized 

by the addition of the organometallic nucleophile to the cationic precursor 
with a ^-coordinated trimethylenemethane ligand [Eq. (14)]. The 'H and 
l3 C NMR spectra indicate the formation of only one isomeric form for 23. 
The mechanism of the reaction for the synthesis of Fe(CO),{rj 4 -C(CH 2 ) 3 } 
is considered to involve initial formation of a (2-chloromethylallyl)iron 
tricarbonyl chloride followed by the oxidative addition of the C-Cl bond 
to a coordinatively unsaturated Fe(CO) 4 species to give the 0 -, 77 -bonded 
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intermediate (CO) 4 ClFe{y:Tj 3 -CH 2 C(CH 2 )CH 2 }Fe(CO) 3 Cl (100). The 
complex 23 with a metal fragment as a cr-substituent in the 2 position of 
the allyl ligand has a greater stability in solution and in the solid state 
compared to the terminally substituted allyl complexes (22). Kemmit and 
Platt (101) studied reactions involving the reactive carbon-chloride bond 
in Pt{V-CH 2 C(CH2Cl)=CH 2 }(PPh3)2. When treated with Pt(C 2 H 4 )- 
(PPh 3 )2 in the presence of KPF 6 , the C-Cl bond was oxidatively cleaved, 
and a cationic dinuclear complex [(Ph3P)2ClPt{7j':i7 3 -CH2C(CH2)=CH2}- 
Pt(PPh 3 ) 2 ]PF 6 (24) formed. 

Mn 2( co >lO + 


1 


hi/ 


(C0) 4 Mn-Mn(C0) 5 


+ CO 



'^|V^ v 'Mn(CO) 5 

Mn(C0) 4 


(C0) 4 Mn — Mn(CO) 


+ CO 

4 


A 


B 


(15) 


The photochemical reaction of Mn 2 (CO)io and butadiene gives as the 
major reaction products A and B, which could be separated by HPLC 
[Eq. (15)] (102-104). The splitting patterns and coupling constants of the 
six protons in the ‘H NMR spectrum of A, which reveal an Tj 3 -enyl ligand 
with a methylene group in an E position, which together with the infrared 
and l3 C NMR data are consistent with the formulation given for A. Cleav¬ 
age of the metal-metal bond by trans- or cis-l ,3-pentadiene under photo¬ 
chemical reaction conditions gives two tetracarbonyl-Tj 3 -enylmanganese 
complexes for each isomer (105). In both cases the major product, 
a mononuclear 2-4-ij 3 -pentadienyl complex, could be separated by 
HPLC from the 1-3-ij-pentenyl derivatives. A dinuclear intermediate 
(CO) 4 Mn{ju.-l-3-7) 3 -C 5 H8}Mn(CO)5 with a o-,7r-bridging 3-penten-2,5-diyl li¬ 
gand was postulated, which, after /3-hydrogen elimination, accounts for 
the formation of the pentadienyl complex and HMn(CO) 5 . 
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TABLE VI 

Selected X-Ray Data 0 for ^-Bridged Allyl Moieties in 
Bimetallic Complexes 



Complex Bond distances (A) 


No. 

M 1 

M 2 

M ! -M 2 

M'-C x 

M 2 -C, 

M 2 -C 2 

M 2 -C, 

C,-C : 

C 2 -C, 

Bond angle a <°) 

Ref. 

20b 

Pd 

Pd 

3.575 

2.04 

2.22 

2.17 

2.16 

1.41 

1.47 

116.4 

(93) 

20d 

Fe 

Pt 

3.794 

1.967 

2.151 

2.272 

2.165 

1.421 

1.464 

— 

M) 

22c 

Re 

Mo 

— 

2.268 

2.378 

2.210 

2.433 

1.430 

1.488 

126.4 

(98) 

25a 

Pi 

Pi 

— 

2.10 

2.17 

2.23 

2.18 

1.38 

1.43 

114 

(106) 

25b 

Pt 

Pt 

— 

2.09 

2.18 

2.23 

2.18 

1.41 

1.47 

113 

(107) 

28 

Fe 

Fe 

— 

— 

2.110 

2.194 

2.133 

1.434 

1.417 

111.5 

(Ill) 


Standard deviations omitted; M 2 represents 7r-bonded metal. 


The reaction of a cationic diplatinum /u-phenylethenylidene complex 
with an almost stoichiometric amount of diphenylacetylene and di-p-tolyl- 
acetylene under photochemical conditions gives the cationic diplatinum 
^-butadienediyl complexes [(Et 3 P) 2 (PhC=C)Pt{^i-V^ 3 -C(Ph)= 
CC(R)CHR}Pt(PEt 3 ) 2 ] + (25) [R = Ph (25a), p-tolyl (25b)] in very high yield 
( 106,107 ). In this reaction the activated alkenylidene couples by C-C 
bond formation with the alkyne to give an expanded, unsaturated bridging 
butadienediyl ligand. The location of the two p-tolyl groups on adjacent 
carbon atoms of the butadienediyl skeleton is consistent with incorpora¬ 
tion of the alkyne unit as an intact species (107). The crystal structure 
determination (Table VI) confirms a molecular formulation with the (r, 7 r- 
bridging butadienediyl ligand between the two Pt moieties. 
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The reaction of Ni(COD)(PMej) 2 with equimolar amounts of 
BrCH 2 C 6 H 4 - 0 -Br affords rram-Ni(CH 2 C 6 H 4 -o-Br)(PMe 3 ) 2 Br, which ox¬ 
idatively adds to a second equivalent of the Ni precursor to yield the 
binuclear m,rrafls-Br(Me 3 P) 2 Ni{/A-y:y-CH 2 - 0 -C 6 H 4 }Ni(PMe 3 ) 2 (108). 
This dinuclear Ni complex exists only in solution, and after removal of the 
solvent, resulting in the concomitant loss of a trimethylphosphine ligand, 
a dinuclear complex with a bridging ligand containing a cr-aryl and a 77- 
pseudoallyl functionality (26) is formed. Complex 26 reacts with CO by 
insertion into the a bond to give a o-,o--bonded metallocyclic dinickel 
complex with an aroyl ligand. Whereas complex 26 reacts with dppm 
[dppm is bis(diphenylphosphino)methane] to displace a PMe 3 and a Br 
ligand to give a cationic dinuclear complex with both metal-ligand coordi¬ 
nation modes intact, the less bulky dmpm [dmpm is bis(dimethylphos- 
phino)methane] yields Br(dmpm)Ni{jU-V:y-CH 2 -o-C 6 H 4 }Ni(dmpm)Br. 



The tungsten and molybdenum propargyl complexes Cp(CO> 3 M- 
{CH 2 C=CH} react with AICI3 to give products with /3-chlorocarbonyl 
allyl ligands which were subsequently treated with [MCp(CO) 2 L]~. The 
reactions proceed via C-C bond formation to give dinuclear complexes of 
tungsten and molybdenum where the /3-carbonylallyl ligand is cr-bonded 
to the WCp(CO) 2 L fragment and y-bonded to the MCp(CO) 2 fragment 
(27) [M = W, L = CO (27a), P(OMe) 3 (27b); M = Mo, L = CO (27c)]. 
(109). 


Cp<CO) 2 M 


0 



WCp(CO) 2 L 


27 


Cp(CO) 2 F«—ffl—► 


F«(CO) 3 


Dinuclear metal complexes with <r,rr-bridging a-carbonylallylic ligands 
(28) have also been synthesized and form part of the rich chemistry of 
transition metal propargyl complexes (103). Propargyl ligands in the com¬ 
plexes L„MCH 2 C=CR, are rapidly converted to allenyl ligands by elec¬ 
trophilic reagents (E + ) to give cationic complexes, [L„MCH 2 =C— 
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C(E)R] + . This method was extended by Wojcicki and co-workers 
( 110 , 111 ) to utilize coordinatively unsaturated metal fragments as elec¬ 
trophiles, whereby new synthetic methods for homo- and heterobinuclear 
and trinuclear metal-/x-allenyl complexes were developed. The difference 
between this approach and that of Stone and co-workers ( 89 , 90 ) is that the 
unsaturation is contained entirely within the ligand, which, as a result of 
this, often rearranges. Complex 28 was obtained in high yields from the 
reaction of the iron-propargyl precursor and diiron nonacarbonyl (///). 



A 


| hexofluoroacetylacetone 



The telomerization reaction of acetic acid and 1,3-butadiene yielding 
acetoxyoctadienes with an (T^-allyDpalladium acetate dimer was studied 
and a reaction mechanism proposed which was based on the key interme- 



244 


SIMON LOTZ el al. 


diate A (772). The reaction of bis(hexafluoroacetylacetonato)palladium in 
methanol with 1,3-butadiene or the reaction of A with hexafluoroacetone 
gives the /i-l-3-Tj:6-8-T7-octadienyl-bridged diplatinum complex (B), as 
was confirmed by an X-ray structure determination. The reaction of B 
with 1 equiv of P'Pr 3 leads to the addition of one phosphine ligand, and 
spectroscopic data indicate that one Tj 3 -allyl ligand was converted to an 
Tj’-allenyl ligand to give the V^-octadienyl-bridged complex (29c) [Eq. 
(16)]. Two equivalents of triisopropylphosphine modifies both allyl li¬ 
gands and affords a cr,cr-octadienyl-bridged dinuclear complex. 



Other examples from the Beck laboratories where anionic metal sub¬ 
strates attack ir-coordinated 1,3-dienes, giving bimetallic complexes with 
allyl ligands, were recorded for the reaction of [Cp*Ru{r) 2 :5-8-T) 4 -octa- 
triene}] + with [Re(CO) 5 ]~ (a) and [RuCp(CO) 2 ]~ (b) to give L,M{/i-i)':2-4- 
i7 3 ,7-Tj 2 -C8Hii}RuCp* (29) [Eq. (17)] (56). The corresponding reaction with 
[Mn(CO)j]" again afforded only redox products with two Cp*Ru frag¬ 
ments bridged by a C-C coupled C| 6 unit which is T) 2 :T) 3 -bonded to each 
Ru center [Eq. (18)]. The corresponding trimetallic complex was obtained 
from 2 equiv of triene precursor and [Os(CO) 4 ] 2- [Eq. (19)] (56). Inter¬ 
estingly, for [Ru(T) 6 -C6H6){l-3-T) 3 :5-T) 2 -cyclooctadienyi}] + the attack of 
[Re(CO) 5 ] _ occurs on the alkene and not on the allyl function of the C 8 Hm 
ring, to give the Ru-Re bimetallic complex with the cr-bonded Re(CO)s 
fragment in the 6 position of the ring (65). 
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Re(CO) 5 1 



Re(CO) 5 "I 




Re(CO)c 


Mn(CO)-, 


The addition of pentacarbonylrhenate to the 77 -coordinated benzene of 
the cationic complexes [M(t/ 6 -p-CaH 4 R 2 )(CO) 3 ] + gave o-,7r-bridged flux- 
ional cyclohexadienyl complexes T 7 5 -C 6 H 4 R 2 {Re(CO).s})M(CO)j (30a—g) 
(M = Mn, Re; R = H, Me, Cl) [Eq. (20)] ( 113 , 114 ). Although only one 
signal was observed for the six hexadienyl protons in the 'H NMR spec¬ 
trum at room temperature, the anticipated four signals indicating the non¬ 
equivalence were observed in low-temperature studies. A crystal struc¬ 
ture determination of 30a (M = Mn, R = H) reveals that the plane 
described by the five carbon atoms attached to the Mn(CO) 3 fragment is 
distorted and a second plane containing the sixth carbon atom is displaced 
from the first by 34° ( 106 ). The rhenium fragment is in the exo position in 
the solid state. The Re(CO) 5 fragment is also found in the exo position in 
the complex T} 6 -C 7 H 7 {Re(CO) 5 })Mo(CO) 3 obtained from the reaction of 
(Mo(V-C 7 H 7 )(CO) 3 ] + with lRe(CO) 5 ]- (98). Similarly, lRe(CO) 5 ] reacts 
with the 7T-coordinated thiophene ligand of (r) 5 -thiophene)Mn(CO)( by 
nucleophilic addition at a ring double bond to give the cr, 7 r-thiophene- 
bridged complex (2-4-V-^-SC4H 3 {Re(CO)s}Mn(CO) 3 (30h) ( 114 ). 


MoCp(CO) 2 



Cp(CO) 2 Mo 


31 

M=Os,R=H o.Me b 
M=Ru,R=H c.Me d 
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The directed synthesis of trinuclear o-,o-, 7 r-hydrocarbon-bridged com¬ 
plexes is achieved by adding 1 equiv of dianionic carbonylmetallates to 2 
equiv of ^-coordinated, unsaturated hydrocarbon ligands of cationic com¬ 
plexes. The addition of the organometallic nucleophiles [M(CO) 4 ] 2_ (M = 
Os, Ru) to 2 equiv of [MoCp(CO) 2 (butadiene)] + leads to the formation of 
the heterotrimetallic Tj'iV-hydrocarbon-bridged complexes (31a-d) (82). 
Trimetallic complexes with a central Os(CO) 4 fragment which is <r-bonded 
to two thienyl or two hexadienyl ligands in turn ^-coordinated and V 5 ' 
coordinated to two Mn(CO )3 fragments, (CO) 4 Os(/h-tj i :t} 3 -5-SC 4 H3- 
{Mn(CO ) 3 })2 and (CO) 4 Os(^-i 7 1 :i 7 5 -C 6 H 6 {Mn(CO) 3 }) 2 , respectively, were 
prepared by the same method (82,115). Crystal structure determinations 
reveal the hydrocarbon bridges to be cis to one another, as is the case for 
the trimetallic complex (CO) 4 Os(^-t} i :t 7 6 -C 7 H 7 {Mo(CO) 3 }) 2 . 


C. a- AlkyII it- Alkyne Complexes 


Many examples of dinuclear and trinuclear complexes with metal- 
metal bonds and acetylide ligands bridging the metal centers with 

and bonds have been recorded, of which the bonding modes 
A, B, and C are representative (116-118). Multisite binding and activation 
of acetylides (the ethynyl anion HC^C" is isoelectronic with CO) for 
synthetic exploitation in cluster and applied chemistry have been topics of 
current interest (32,119). Other arrangements of bimetallic complexes 
with bridging acetylene ligands, which are also not included in this re¬ 
view, are the ^-rj'-ethylidyne complexes (D) (120) and ^-1,2-ethynediide 
complexes (E) (18,120,121). The formation of trimetallic complexes with 
bridged o-,<r,7r-ethyne ligands was anticipated from the reactions of the 
dimetallated ethyne complex, (CO) 5 ReC=CRe(CO) 5 , with Pt(PPh 3 ) 2 (Tj 2 - 
C 2 H 4 ), Fe 2 (CO) 9 , and Co 2 (CO) 8 , which have labile ligands (122). Although 
^-coordination was achieved, it was accompanied by metal-metal bond 
formation. The reaction of (CO) 5 ReC=CRe(CO )5 and [Cu(NCMe) 4 ]PF 6 
afforded [{Cu(NCMe) 2 } 2 {(CO) 5 ReC=CRe(CO) 5 }] 2+ , the structure of 
which was determined by X-ray diffraction (123). This complex, which 
contains a Cu-Cu bond, clearly shows the isolobal relationships between 




A 


B 


C 
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I mL2>M'L 


L n M_ 





F G 


organic alkynes and (COLReC^CRelCOfs. Complexes of classes B and 
C are, to our knowledge, unknown for compounds without metal-metal 
bonds. Thus, in this section we focus on bimetallic complexes of formula¬ 
tions F and G. 

In the first type of nucleophilic reaction of the M —C=CR group, inter¬ 
action can occur via the v cloud of the acetylide with organometallic 
complexes which are coordinatively unsaturated. Spectroscopic data in¬ 
dicate that the addition of the Lewis acid [Re(CO)j] + to Me 3 Sn{C=CMe} 
affords the rhenium propynide complex (CO)sRe{C=CMe| (10,124). In 
contrast, pentacarbonyl(tetrafluoroborato)rhenium reacts with ethynyltri- 
methylsilane presumably to give the corresponding pentacarbonylrhe- 
nium ethynide as a reactive intermediate. The latter, after subsequent 
reaction with a second equivalent of the rhenium precursor, gives the 
cationic cr.w-ethynide bridged complex [(CO) 5 Re{/x-V:i 7 2 -C=CH}Re- 
(CO) 5 ] + BF 4 (32), which has been fully characterized (Table VII) (124). 
The ^-coordination of the second Re fragment increases the acidity of the 
acetylide proton, which on deprotonation with sodium ethanolate gives 
the cr,cr-ethynediide-bridged dinuclear complex (E) [Eq. (21)]. Although 
the addition of HBF 4 to E regenerates 32, the addition of other acids HX 
(X = Cl, OSO 2 F) liberates acetylene and yields Re(CO) 5 X. Two equiva¬ 
lents of triarylphosphinegold chlorides, Au(PRj)Cl, react readily with 
acetylene in ethanolic sodium ethoxide to give the cr,cr-bonded ethynediyl 
complex R 3 PAu—C=C—AuPR 3 ( 125 ). There was no evidence for the 
formation of a dinuclear <r,7r-bonded ethynyl intermediate in this case, 
nor during the reaction where the ethynide ligand was transferred to a Pt 
fragment in the reaction with PtLjCF. 

Alternatively, the M —C==CR complex can also react as a nucleophile 
with an electrophile at the )3-carbon to give a cationic vinylidene complex 
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TABLE VII 


Bimetallic Complexes" with o-,tt-Bridged Acetylide Ligands, 
L.M'W^MCsCR'JLM’U 




Complex 



Method of characterization 

Ref. 

No. 


M 2 

X 

R 1 

32 

Re 

Re 

1 

H 

MS; IR; 'H, 13 C NMR 

(124) 

33a 

Re 

Fe 

1 

Me 

IR; 'H NMR; X-ray 

(127) 

34 

W 

W 

1 

Ph 

IR 

'H NMR; X-ray 

U30) 

35 

Fe 

Fe, Mn 

1 

R b 

IR; 'H, ,3 C NMR; X-ray 

(131,133) 

36a 

Ru 

W 

1 

H 

'H NMR; X-ray 

(134) 

37-39 

Mn, Ru 

Cu, Ag 

L 2 

'Bu 

IR 

'H, 3I P NMR; X-ray 

(135-138) 

40 

Zr 

Zr 

1 

Me, Ph 

IR 

'H, ,3 C NMR 

(143) 

41 

Pt, Rh 

Rh, Mo 

1 

Me 

IR 

'H, 3I P NMR; X-ray 

(151,152) 

42 

Rh 

Rh 

1 

R h 

IR 

'H, 3I P NMR; X-ray 

(153,154) 

43 

Pt 

Ir 

1 

Ph 

IR 

'H, 3, P NMR 

(155,156) 

44a 

Pt 

Cu 

2 

Ph 

3I P NMR; X-ray 

(157) 

46 

Ti 

Co, Ni 

2 

Ph 

MS; IR; X-ray 

(160,163) 

46, 48 

Ti 

Fe, Ag 

2 

SiMe 3 

MS; IR; X-ray 

(161,162) 

50 

Hf 

Ni, Co 

2 

SiMe 3 

IR 

'H, l3 C NMR; X-ray 

(165,166) 

51 

Pt 

Ti 

2 

'Bu 

IR 

'H, 13 C, l9 F NMR; X-ray 

(167) 

56 

Pt 

Pt, Pd 

2 

R b 

IR 

'H, l9 F NMR 

(22,172) 

57 

Ir 

Ir 

2 

SiMe 3 

MS; 'H NMR; X-ray 

(174) 

59 

Zr 

Zr 

2 

R b 

IR 

‘H, 13 C NMR 

(143,177) 

61 

Ti 

Ti 

2 

Ph 

IR 

'H NMR 

(181) 

62 

Ti 

Ti 

2 

SiMe 3 

IR 

'H, 13 C NMR; X-ray 

(182) 


0 M 2 represents 7 r-bonded metal. 
b R represents alkyl or aryl groups. 


(H) [Eq. (22)]. The protonation of o--coordinated acetylides by strong 
protic acids results in the formation of cationic vinylidene complexes 

(726) . Therefore, it was expected that the reaction of the Lewis acid 

[Re(CO) 5 ] + with metal acetylides could also lead to the formation of bime¬ 
tallic vinylidene complexes (727). However, the reaction of [Re(CO) 5 ] + 
and FeCp(CO) 2 {C=CR} [R = Ph (a), Me (b)] gives, during electrophilic 
substitution of the Fe fragment by the Re fragment, the <r,7r-ethynide- 
bridged complexes [(CO)5Re{(ju,-7) l :7} 2 -C=CR)FeCp(CO) 2 }] + BF4 (33) 

[Eq. (23)]. The crystal structure of 33a (Fig. 1) reveals an asymmetrically 
7 r-coordinated Fe fragment, a nonlinear cis-distorted alkyne, and some 
evidence of electron delocalization to the cr-bonded Re atom when Re-C 
bond distances are compared in 33a [1.98(3) A], Re-alkynyl [2.14(2) A 

(727) ], Re-carbene [2.09(2) A (72S)], and Re-vinylidene complexes 
[1.90(2) A (729)]. 
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M Lfi 


F 

32 


NoOR I T HBF 4 


( 21 ) 


Cp(CO) 2 Fe—=—R 


R=Ph a,Me b 




Fig. I. X-Ray structure of ((COFReU/a-T/^i'T'C—CR)FeCp(CO);}]* 33) [Fritz el til. 
( 127 )]. 
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The protonation of Cp(CO) 3 W{i 7 2 -C=CPh} by HBF 4 in dichlorome- 
thane gives a stable cationic binuclear complex of tungsten, [Cp(CO) 3 - 
W{/t-T)':i 7 2 -C=CPh}=WCp(CO)(i 7 2 -CH=CPh)] + (34), with a o-,7T-bridg- 
ing phenylacetylide ligand ( 130 ). A crystal structure determination of 34 
reveals that the ^-coordination does not affect the carbon triple bond 
distance significantly, which is the same as that for the uncoordinated 
acetylide, and suggests that the structure type with a 7r-bonded acetylide 
(F) dominates. Again the <r,7r-bonded bridging ligand affords an asymmet¬ 
rical arrangement of atoms. However, the vinylcarbenium character of 
the cr-acetylide precursor was demonstrated by the formation of the phos- 
phonium cation [Cp(CO) 3 W{C(PPh 3 )=CHPh}]BF 4 on treatment with 
HBF 4 /PPh 3 . 

Cationic diiron cr,7r-acetylide complexes of the type [Fp?{V:i 7 2 - 
(C=CR)}] + (35) (Fp? is Fp 2 , FpFp*, or Fp?, with Fp being (tj 5 - 
C 5 H 5 )Fe(CO) 2 and Fp* being (T> 5 -C 5 Me 5 )Fe(CO) 2 ; Fp? = Fp?, R = H (35a) 
and R = Ph (35b)] were synthesized by the ligand exchange reaction of 
mononuclear acetylide complexes Fp # (C=CR) and the labile iron cations 
[Fp # (THF)]BF 4 ( 131 ). The fluxional behavior of the cr,7r-acetylide diiron 
complexes was studied by means of variable-temperature NMR analyses 
(Table VIII). The fluxional behavior of [Fp?(C==CPh)]BF 4 was ascribed 
to a flow of electron density from the 7r bond into the M-C a bond, 
thereby creating a positive charge at the /3 position and generating a free 
cationic vinyl intermediate. Therefore, the motion of the bridging ligand 
with respect to the metal centers can be described by 

{( V '(Fpy.vW)} ^ [{(V(Fp):V(Fp')}] # - {y(Fp'):rj 2 (Fp)}. 

On the other hand, the fluxional process for [Fp?(C=CH)]BF 4 gave data 
consistent with a 1,2-proton shift where the H atom on the ethynyl ligand 


TABLE VIII 

Spectroscopic Data" of o-.tt-Bridoed Acetylide Moieties in Selected Bimetallic 
Complexes, L„M l {/x-T) l :r) 2 -(C|=C 2 R')} J M 2 L„ 


Complex 

IR (cm -1 ) 


'H/ I 3 C» NMR ( 8 , ppm) 

Ref. 

No. 

M l 

M 2 

u 

III 

y 

Medium 

X 

R 

c, 

C 2 

Solvent 

32 

Re 

Re 

1870 

KBr 

1 

4.55 

57.6 

82.4 

cd 3 no 2 

(124) 

35a 

Fe 

Fe 

1809 

KBr 

1 

3.76 

124.2 

72.2 

CDC13 

(131) 

35c 

Fe 

Mn 

1839 

KBr 

1 

1.73 

73.3 

67.8 

c 6 d 6 

(131) 

47a 

Ti 

Ni 

1857 

CH 2 C1 2 

2 

7.3-7.7 

187.2 

130.1 

CD 3 C 1 

(162) 

50a 

Hf 

Ni 

1880 

Pentane 

2 

L> 

bo 

174.5 

127.8 

CD 3 C1 

(165) 


0 M 2 represents 77 -bonded metal for r = 1. 

6 For ls C NMR, discrimination between resonances was not always possible. 
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moves between the two ethynyl carbon atoms via a three-membered ring 
intermediate. Structural data reveal greater asymmetry in the geometry of 
the bridging acetylide ligand of 35b compared to 35a, which is ascribed 
to the steric bulk of the phenyl compared to the proton substituent 
and a small but significant contribution of the vinylidene structure, 
L„M=C=C(M'LJH, for both complexes. Whereas deprotonation of 
the cr,7r-acetylide complex [Fp?(C=CH)]BF 4 (compare 32) with NaOMe 
in THF results in the formation of Fp*C=CFp*, the analogous com¬ 
plex [Fp 2 (C=CPh)]BF 4 affords the metallocyclic adduct Cp(CO)Fe- 
{C(Ph)=C(Fp)C(0)OMe}, suggesting initial attack from the nucleophile 
on a carbonyl ligand and insertion of the acetylide ligand into the newly 
formed Fe-acyl bond (132). 



[Fe]—=-[Mn] i 




[Fe]—=—Me 
[Mn] 


(24) 


(25) 


35c 


The electronic influences of the metal centers on the structure of 
a binuclear vinylidene Cp'(CO) 2 Mn=C=C(H)Fp* or 7j 2 -structure 
Cp'(CO) 2 Mn(i 7 ‘:T) 2 -C=CR)Fp* were discussed with respect to the iso- 
electronic dinuclear acetylide-bridged compounds {Cp*M(CO) 2 } 2 (M‘ 
C=CR) (M = Fe + and/or Mn) (133). The deprotonation of [Cp'- 
(CO) 2 MnC=CH]Fp* with A?-BuLi generates an anionic ethynediyl 
intermediate, [Cp'(CO) 2 MnC=CFp*]", which can be protonated on the 
C^(Mn) position to give the bimetallic vinylidene complex Cp'(CO) 2 - 
Mn=C=CHFp* or methylated on the C a (Mn) position, owing to steric 
hindrance at the Qj(Mn) position, to give the bimetallic complex with 
an T) 2 -coordinated Mn fragment, Fp*{/Lt-Tj 1 :T/ 2 -C=CMe}Mn(Cp')(CO) 2 
(35c) [Eq. (24), and (25)]. Protonation of [Cp'(CO) 2 MnC=CH]Fp*, on the 
other hand, gives the cationic /n-vinylidene complex Cp'(CO) 2 Mn{/u.- 
T 7 l :T 7 l -C=CH 2 }Fp*. The electrophilic addition (protonation) of neutral 
rj'-vinylidene complexes occurs readily at the /3-carbon atom to give a 
cationic “carbyne” complex X (133). The transfer of electron density 
from Fp*(M'L„) to MnCp(CO) 2 (ML„) affords an T/'ir/^ethenylidene inter- 
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mediate, which after migration of Fp* along the tt system ultimately 
results in the formation of the /x-vinylidene complex [(/x-t} , :V-C=CH 2 - 
{Fp*})MnCp'(CO) 2 ]BF 4 . 


+ 



Frank and Selegue (134) found that the solid state structure of (fi-r) l :rf- 
C(H)=C{RuCp(PMe 3 ) 2 })WCp(T 7 2 -Ph 2 C 2 )(CO) (36a) closely resembles a 
cationic ruthenium complex bearing a tungsten-substituted vinylidene li¬ 
gand (B) with virtually complete loss of the 7r-bonding interaction (A). 
Deprotonation of the ^i-ethynyl complexes with phosphine and phosphite 
ligands with NaN(SiMe 3 ) 2 and KOCMe 3 , respectively, yielded dinuclear 
complexes with bridging ethynediyl ligands. 



Cp(CO)(»> 2 -C 2 Ph 2 )W^ M+CPl2 

8 

The 7 r-coordination of group 11 (IB) metals to cr-alkynyl complexes 
of manganese, Mn(dppe)(CO) 3 {C=C'Bu} [dppe is bis(diphenylphos- 
phino)ethane], in the presence of P(C 6 H 4 - 0 -Me )3 in dichloromethane gave 
the cationic cr,7r-acetylide complexes, [(y:i 7 2 -C=C'Bu){Mn(dppe)- 
(CO) 3 }M{P(C 6 H 4 -o-Me) 3 ] + (37) [M = Cu (37a), M = Ag (37b), M = Au 
(37c)] (135,136). The neutral complexes (y:T) 2 -C=CR){Mn(dppe)(CO) 3 }- 
CuCl (38) [R = 'Bu (38a), Ph (38b), CH 2 OMe (38c)] were isolated on 
reacting CuCl in the absence of the phosphine ligands (136,137). The 
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TABLE IX 

Selected X-Ray Data" for cr,^-B ridged Acetylidf Moieties in 
Bimetallic Complexes 


LM-C,i C 0 -R 


T, 


A. 


Complex Bond distances (A) Bond angles (°) 


No. 

M 1 

M 2 

M'-M 2 

M'-C x 

M 2 -C, 

M 2 -C 2 

C,-C a 

a 

P 

Ref. 

33a 

Re 

Fe 

_ 

2.088 

2.319 

2.124 

1.237 

158.7 

150.1 

(127) 

34 

W 

W 

4.216 

2.19 

2.21 

2.10 

1.30 

146 

148 

urn 

35a 

Fe 

Fe 

4.038 

1.912 

2.422 

2.114 

1.226 

162.0 

152 

(131) 

35b 

Fe 

Fe 

4.012 

1.944 

2.357 

2.134 

1.244 

158.2 

147.2 

(131) 

35c 

Fe 

Mn 

3.919 

1.955 

2.281 

2.144 

1.223 

156.9 

155.1 

{ 133) 

36a 

Ru 

W 

— 

1.96 

2.53 

2.05 

1.25 

163 

— 

(134) 

38b 

Mn 

Cu 

3.443 

2.023 

2.036 

2.030 

1.226 

171.1 

165.6 

U 37) 

39a 

Mn, Mn 

Cu 

— 

2.03 

2.08 

2.09 

1.24 

170 

164 

(136) 

41a 

Pt 

Rh 

3.066 

1.95 

2.22 

2.46 

1.21 

177 

166 

(151) 

41b 

Pt 

Rh 

3.099 

2.01 

2.22 

2.40 

1.16 

178 

172 

(151) 

42c 

Rh 

Rh 

3.155 

2.043 

2.209 

2.616 

1.182 

168 

172.9 

(154) 

44a 

Pt 

Cu, Cu 

3.250 

2.002 

2.101 

2.173 

1.212 

177.7 

169.5 

(157) 


Standard deviations omitted; M 2 represents 77-bonded metal. 


structure of 38b was confirmed by an X-ray structure analysis (Table IX). 
Attempts to prepare silver and gold analogs of 38 failed, but the synthesis 
of (T ? 1 :T ? 2 -C=CR){Mn(dppe)(CO) 3 }AuC 6 F 5 (38) [R = 'Bu (38d), CH 2 OMe 
(38e)] was successful (136). A crystal structure determination of (rj ] :r} 2 - 
C=CPh){RuCp(PPhi) 2 }CuCI (38f) was recorded and, in contrast to the 
structure of a related dimeric iron-copper complex, was monomeric 
(138). The trimetallic complexes [{Mn(dppe)(CO) 3 (^-i 7 1 :i 7 2 -C= 
C'Bu)} 2 M]X (39) [M = Cu, X = PF 6 (39a); M = Ag, X = BF 4 (39b); M - 
Au, X = PF 6 (39c)] can be obtained directly from the cr-alkynyl Mn(dppe)- 
(CO) 3 (C=C'Bu) with CuCl, [Ag(NCMe) 4 ]BF 4 , and Au(C 4 H g S)Cl com¬ 
bined with T1PF 6 (136). Reaction of CuCl with LiC 5 Me 5 at low tempera¬ 
tures, which acts as a source of Cp*Cu + , will add over the triple bond to 
give bimetallic and trimetallic complexes when treated with a metal- 
carbyne complex (139). The structure of 39a reveals that the coordination 
around the copper is pseudotetrahedral, with four Cu-C bond distances 
which do not differ significantly (136). It is known that copper acetylides 
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react with FpCl to give products in which the acetylide is 7 r-bonded to the 
CuCl fragment and o--bonded to the CpFe(CO) 2 fragment (140). A struc¬ 
tural study has shown that these complexes are dimeric via copper-halo¬ 
gen bridges (141). 

(dpp«)(CO),Mn-==— R 

T 

M’X 
38 

M , «=Cu.X»CI.R=Bu t a.Ph b.CHjOMe c 
M'-Au.X-CgFj.R-Bu 1 d.CHjOMe e 
M*‘eCu a, Ag b.Au c 

Utilization of a bidentate ligand to lock two metals in close proximity to 
one another has enabled the synthesis of heterobimetallic complexes with 
cr,ir-bridging acetylide ligands (142). The complexes (R'Cp) 2 Zr(C=CR)Cl 
(R = Me, Ph, R' = H, Me) react with (R"Cp) 2 Zr (R' = H, Me), which was 
generated in situ, to yield binuclear o-,7r-alkynyl- and chloro-bridged 
complexes of the type (R'Cp) 2 Zr(/i-Cl)(/i-C==CR)Zr(R'Cp) 2 (40) [R' = 
R" = H, R = Me (40a), Ph (40b); R' = R" = Me, R = Me (40c), Ph (40d)] 
(143). 


k 1 + 

(dppe)(CO),Mn—=—Bu l 1 

T 


Bu 1 —==*=—Mn(dppe)(CO)^ 
39 


i 



P 



P 
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Shaw and co-workers (144-150) have extensively used bis(diphenyl- 
phosphino)methane as a bidentate metal fragment link to synthesize sys¬ 
tematically a variety of complexes of the type Pt(C=CR) 2 (p,- 
dppm) 2 ML„. Four classes of neutral and cationic bimetallic complexes 
without metal-metal bonds were found; those (i) without o-,77-bridging 
acetylide ligands (B) [M = Cd, Hg, Cu, Ag, Au (144-147)), (ii) with <x,77- 
bridging acetylides C (vide infra), (iii) with fi-r )'-bridging acetylide ligands 
(D) [W, Pt (148,149)] and (iv) with fiA ,2-o-,o--alkene ligands (E) [Rh (150)] 
[Eq. (26)]. The reaction of the monodentate dppm precursors 
Pt(dppm — P) 2 (C=CR)X (A) [R = Me, Ph, p- MeC 6 H 4 , CH 2 CH 2 Ph, 
C(Me)=CH 2 ] or (RC=C)(X)Pt(/A-dppm) 2 ML w (B) (X = C=CPh, R = 
Ph, ML, - HgCI 2 , AgCl, Cul, Au; X = Cl, R = Me, Ph, p-tolyl, ML, = 
AgCl) with Rh 2 (CO) 4 Cl 2 afforded [(RC=C)Pt(^-dppm) 2 ( j u-cr,77-C=CR)- 
Rh(CO)]Cl (41), which is readily converted to the corresponding PF^ salt 
(120,151). The bimetallic compounds with 0 -, 77 -bridging acetylene ligands 
are also directly accessible by treating [Pt(p.-dppm-PP') 2 ]CI 2 first with 
Ag(0 2 CMe)PhC=CH and thereafter with Rh 2 (CO) 4 Cl 2 . The neutral bime¬ 
tallic complexes (RC=C)Pt(/x-dppm) 2 (p,-o-, 77 -C=CR)RhCl (C) (R = 
p-tolyl, Ph) were prepared either by refluxing the p.-o\7r-bimetaIlic 
chlorosalts in toluene or by treating Pt(C=CR) 2 (dppm—P) 2 (A) 
with Rh 2 (cyclooctene) 4 Cl 2 (151). Treatment of [(CO)sMo(p,-dppm) 2 - 
Rh(CO) 2 ]PF 6 with LiC=CR in THF gave, after rapid evolution of CO, 
the Mo-Rh complexes (CObMotp.-dppmHp.-p 1 :i 7 2 -C=CR)Rh(CO) 
(41) [R = Me (41c), Ph (41d), p-tolyl (41e)] (152). The crystal structure of 
41c shows that the two metal centers are again fixed (3.1 A apart) by the 
geometry of the frame of the bridging dppm ligands. Crystal structure 
determinations of [XPt(p,-dppm) 2 (o-,77-C=CMe)Rh(CO)Cl]PF 6 [X = Cl 
(41a), C=CMe (41b)] were also recorded. In both structures 41a,b the 
metal centers are linked by the two dppm bridges to give rise to an eight- 
membered Pt 2 P 4 C 2 Rh ring in the boat conformation with non bonding 
Pt-Rh distances of around 3.1 A, which are consistent with the intrali¬ 
gand P-P distances (151). 

The carboxylate complexes [Rh 2 (p,-0 2 CR)(^i-dppm) 2 (C0) 2 ]C10 4 (R = 
CH 3 , CF 3 ) react with terminal acetylenes, R'C 2 H [R' = H, Ph, 'Bu (R = 
CF 3 only)], to yield dirhodium complexes of the type [Rh 2 (p,-C=CR)(p,- 
dppm) 2 (C0) 2 ]C10 4 (42) [R = H (42a), Ph (42b), 'Bu (42c)] with 0 -, 77 -bridg¬ 
ing acetylide complexes in which the acetylide ligand is fluxional, exhibit¬ 
ing an oscillatory type of motion (153). The bridging acetylide ligands are 
accessible to nucleophilic attack by hydride to yield unstable ‘-bridg¬ 
ing vinylidene complexes. The geometry of the 0 ', 77 -bridging acetylide 
ligand of Rh 2 (/x-dppm)(/x-T 7 , :T 7 2 -C=C / Bu)(CO) 2 (42c) was shown to be 
similar to analogous bimetallic complexes which have been studied struc- 
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turally (154). The complex has the typical A-frame geometry with the /3- 
carbon atom further away from the Rh metal owing to the steric bulk of 
the 'Bu substituent. Extension of these studies to the corresponding 
ethynide precursor Pt(C=CH) 2 (dppm—P) 2 , which can be gener¬ 
ated by treating Pt(dppm—PP)Cl 2 with NaC=CH and an excess of 
dppm in liquid ammonia, yielded the cr,7r-bridging ethynide com¬ 
plexes l(HC=C)Pt(M-dppm)(MV:^=CH)Rh(CO)] + (43a) and 
(HC=C)Pt(/t-dppm)(/u.-T)‘:'r} 2 -C=CH)Ir(CO)Cl (43b) after reaction with 
RhCl 2 (CO )4 and Ir(PPh 3 ) 2 (CO)Cl, respectively (155). 

The Pt-Ir complexes (RC^C)Pt(/x-dppm) 2 (M-V: 7 j 2 -C=CR)IrCl (43) 
[R = Ph (43c), p-tolyl (43d)], (RC=C)Pt( M -dppm) 2 (T ) 1 :r) 2 -C=CR)Ir- 
(CO)Cl [R = Me (43e), Ph (43f), p-tolyl (43g)], [(RC=C)Pt(M-dppm) 2 (/x- 
ri 1 :t) 2 -C=CR)Ir(CO)] X [R = Me, X = PF 6 (43h), BPI 14 (43i); R = p-tolyl, 
X = PF 6 (43j), BPh 4 (43k); R = Ph, X = BPh 4 (431)], and ((RC=C)Pt(/x- 
dppm) 2 (/x-'») 1 :'>? 2 -C=CR)(M-H)Ir(CO)H]PF 6 [R = Me (43m), p-tolyl (43n)] 
were synthesized from rra/is-Pt(C=CR) 2 (/u.-dppm-P )2 (A) and Ir 2 Cl 2 (cy- 
clooctene ) 4 or Ir(PPh 3 ) 2 (CO)CI (155,156). Treatment of the bis(phenylace- 
tylene) complex Pt(dppy) 2 (C^CPh ) 2 (dppy is diphenylphosphinopyri- 
dine) with 2 equiv of [M(MeCN) 4 ] + in dichloromethane afforded the tri- 
metallic complexes [Pt(dppy) 2 {(M- 1 ? l :i 7 2 -C=CPh)(Cu(MeCN) 2 )} 2 ] 2+ (44) 
[M = Cu (44a), Ag (44b), Au (44c)] (157). Structural features of the Pt-Cu 2 
complex indicate C-C (acetylene) distances not significantly different 
from those of uncoordinated acetylenes and Cu-C distances comparable 
to those of polymeric o-, 7 r-bridging Cu acetylide complexes (45). Bruce 
and co-workers (158) reported the synthesis of silver-rhodium acetylide 
complexes, and a structure determination of RhAg 2 (C^CC 6 F 5 ) 5 (PPh 3 ) 3 
(45) was recorded, showing each silver interacting with three of the acety¬ 
lide ligands (159). 



44 


M«Cu oAq b 

Organometallic complexes with two cr-acetylide ligands can act as a 
bidentate chelating ligand via i 7 2 -coordination to a second metal fragment. 
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Typical building blocks of this kind are the “open clamshell" structure of 
titanocene diacetylides and the square planar structure of m-platinum 
diacetylides. Lang and co-workers ( 160-163 ) have studied the synthesis, 
structural features, and reactivity of heterobimetallic complexes of tita¬ 
nium with two cr-bonded acetylide ligands, both of which are both ir- 
bonded to a second, different metal center. The complex (T 7 5 -QiH 4 Si- 
Mej) 2 Ti(C=CR): reacts with 1 equiv of FeCh (160), 0.5 equiv of Co 2 (CO) 8 
(161), 1 equiv of CuCI (160), 1 equiv of NiCI or Ni(CO) 4 (162), 1 equiv of a 
silver salt AgX (163) and 1 equiv of Pt(7} 2 -C2H 4 )2PR3 (164) to afford, 
in high yields, the bimetallic complexes (TjLCsPLSiMejhTilTj 1 :^ 2 - 
C=CR} : ML„ with ML„ = FeCl 2 and R = SiMe 3 (46a), ML„ = Co(CO) 
and R = Ph (46b), ML„ = CuCI and R = SiMe, (46c), ML,, = Ni(CO) and 
R = Ph (47a) or ML,, = NiCb and R = SiMe, (47b), ML„ = AgX and R = 
SiMej(48) [X = Cl (48a), CN (48b), SCN (48c), NO : (48d) and C10 4 (48e)], 
and ML„ = PtPR( (49) [R' = P(cyclo-C 6 H|,) 3 (49a), PMe : Ph (49b), 
PMePh 2 (49c), PPh 3 (49d), P'Pr : Ph (49e)], respectively. The Ti-C(alkynyl) 
cr bonds of 47 are cleaved with HX or X 2 (X = Cl, Br) to yield titanocene 
dihalides. The carbonyl ligand of 47a can be displaced by phosphine li¬ 
gands to give (i 7 5 -C 5 H 4 SiMe 3 ) 2 Ti{i 7 l :i 7 2 -C=CPh}NiPR 2 R' [R = Ph, R' = 
C=CPh (47c); R = C=CPh, R' = Ph (47d); R = R' = OMe (47e)]. 



50c 
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Lang and co-workers ( 165,166 ) have also investigated the ability of ( 17 5 - 
C 5 H 4 SiMe 3 ) 2 Hf(Cs=CPh )2 to act as an organometallic chelate toward dif¬ 
ferent metal salts or complexes with labile ligands. The organometallic 
diyne reacts with Ni(CO) 4 or Co 2 (CO)8 to afford in high yields 
L 2 Hf{ji-y:T) 2 -C=CPh}M(CO) (50) [M = Ni (50a), Co (50b)] and L 2 Hf- 
(C=CPh){)n-(T } 2 :Tj 2 '-C=CPh)Co 2 (CO) 6 } (L = Tj 5 -C 5 H 4 SiMe 3 ). With the 
use of more starting material Co 2 (CO) 8 , L 2 Hf{/u-(Tj 2 -C=CPh)Co 2 (CO)6} 2 
was the major product [Eq. (27)] (765). However, reaction of the Hf 
precursor with Fe 2 (CO) 9 affords L 2 Hf{/u-(r} 2 -C=CPh)Fe(CO) 4 } 2 (50c), a 
compound in which both of the phenylethynyl ligands are side-on tj 2 - 
coordinated to Fe(CO) 4 fragments [Eq. (28)]. 


R 



R 


ABC 

The two o--acetylide ligands of A in L„M{(/x-t) i :t) 2 -C^CR) 2 M'L„} can 
open up, resulting in an increase in the C-M-C angle, which allows the 
M'L„ fragment to move closer to the M center (B). As M'L„ moves closer 
to M, the acetylene ligands will become increasingly asymmetrically cou¬ 
pled with the formation of a M-M' metal bond, ultimately giving rise to 
the structural type C. The reaction between Cp 2 Ti(C=C'Bu) 2 and cis- 
Pt(C6F 5 ) 2 (THF) 2 affords the bimetallic complex Cp 2 Ti(/x-7)'-C= 
C'Bu) 2 Pt(C 6 Fs) 2 (51), which has been shown by X-ray crystallography 
(Table X) to contain two asymmetric /x-rj'-alkynyl ligands and to show 
evidence of direct bonding interaction between the metal centers (C) 
(767). 

The bimetallic complexes L 2 Pt(/x-t) 1 :t) 2 -C=CR) 2 CuC1 (52) [L 2 = 
dppe, R = Ph (52a), 'Bu (52b); L = PMe 2 Ph, R = 'Bu (52c)] and 
[(dppe)Pt(/x-V :-r) 2 -C=CPh) 2 Cu(NCMe)]BF 4 (52d) were synthesized from 
the c/s-bis(alkynyl)diphosphineplatinum precursors with 0.3 equiv of 
CuCl and [Cu(NCMe) 4 ]BF 4 , respectively (765). Recrystallization in ace¬ 
tone-acetonitrile of [(dppe)Pt(/x-7) l :Tj 2 -C=CPh) 2 Cu(NCMe)]BF 4 afforded 
the trimetallic complex [{(dppe)Pt(C=CPh) 2 } 2 Cu]BF 4 (53), which was 
confirmed by an X-ray structure determination. Treatment of anionic 
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TABLE X 

Selected X-Ray Data" for Bis o*,tt-Bridged Acetylene Moieties in 
Bimetallic Complexes 


y 



Complex Bond distances (A) Bond angles (°) 


No. 

M 1 

M : 

M'-M- 

M'-C, 

M : -C, 

M 2 -C 2 

c,-c. 

or 


y 

Ref. 

46a 

Ti 

Fe 

3.26 

2.07 

2.23 

2.20 

1.20 

85.4 

171 

163 

it 60) 

46b 

Ti 

Co 

2.819 

2.071 

1.981 

2.000 

1.260 

98.2 

160.4 

152.1 

i/6/) 

48d 

Ti 

Ag 

3.16 

2.113 

2.31 

2.42 

1.208 

93.8 

171 

170 

(163) 

47 

Ti 

Cu 

2.95 

— 

— 

— 

— 

91.0 

167 

163 

a 60) 

50a 

Hf 

Ni 

2.968 

2.170 

2.043 

2.026 

1.250 

87.0 

160.7 

153.0 

if 65) 

50b 

Hf 

Co 

2.933 

2.20 

2.004 

1.994 

1.266 

86.2 

159.9 

149.7 

(166) 

51 

Pt 

Ti 

2.831 

2.016 

2.248 

— 

1.218 

103.8 

159.8 

172 

(167) 

52c 

Pt 

Cu 

3.129 

2.03 

2.16 

2.28 

1.22 

84.6 

186 

166 

( 168) 

55k 

Pt 

Pd 

3.049 

2.008 

2.284 

2.353 

1.219 

81.8 

167.6 

166.5 

U72) 


Standard deviations omitted. 


polynuclear platinum-silver derivatives {(C 6 F 5 ) 2 Pt 2 (C=CR) 2 } 2 Ag 2 (169) 
with PR 3 affords the alkynyi-bridged complexes (Bu 4 N)f{Pt(C 6 F 5 ) 2 - 
(fjL-r ) 1 :T 7 2 -C=CR) 2 }AgL] (52) [R = Ph, L = PPh 3 (52e), PEt 3 (52f); 
R = 'Bu, L = PPh 3 (52g) PEt 3 (52h)] (170). The reaction of the tetranu- 
clear precursor with dppe yielded {Pt(C 6 Fs) 2 (/x-C=CR) 2 Ag} 2 (/x-dppe) 
(R = Ph, 'Bu) wherein the dppe ligand bridges two identical Pt units. 
The structure of 52e was established by single-crystal X-ray diffraction 
studies. NMR data ('H, l9 F, 31 P) indicate that all the complexes exhibit 
dynamic behavior in solution. 


F 5 C 6>7-^^ 
F 5<V ' C0 


M + L_ 


54 


,Bu 


Ph,P x 

Ph 3 P^ P L^^r P, (C 6 F 5 ) 2 


55 


Ph 3 P x 

Ph 3 P" 


Pt 


Ph 



,PPh 3 

'PPh 3 


56 
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Terminal transition metal acetylides L„MC=CR, /rans-Pt(C=CR) 2 - 
L 2 , c/s-Pt(C==C'Bu) 2 L 2 , Pt(C==CR) 2 (dppe), and Au(C=CR)PPh 3 react 
with cw-Pt(C 6 F 5 ) 2 (CO)THF to give the /a-V^-acetylide-bridged dinu- 
clear zwitterionic complexes (CO)(C 6 F 5 ) 2 Pt~{/u-y:i 7 2 -C=CR}M + L n (54) 
[/rans-ML„ = PtL 2 (CCR), L = PPh 3> R = Ph (54a), 'Bu (54b), L = PEt 3 , 
R = Ph (54c), 'Bu (54d); cis- ML„ = PtL 2 (CCR), R = 'Bu, L = PPh 3 (54e), 
L = PEt 3 (54f); L = dppe R = 'Bu (54g, SiMe 3 (54h); ML„ = AuPPh 3 , R = 
Ph (54i), 'Bu, cis (54j), trans (54k)] (777). In addition to 54e the dinuclear 
complex n\y-(PPh 3 ) 2 Pt(/i,-T) l :i 7 2 -C=C'Bu) 2 Pt(C 6 F 5 ) 2 (55a) was also formed 
during the reaction. Complex 54a rearranges to the dimer 
{Pt(PPh 3 )(C6F 5 )(/Lt-o-/7T-C=CPh)} 2 (56a) in which each Pt is cr-bonded to 
one acetylide ligand and 7r-bonded to the other when refluxed in benzene 
for 1 hour. The structure of 54a was confirmed by a crystal structure 
determination. Binuclear complexes of platinum with doubly bridging 
acetylide ligands L 2 Pt(/i-T) l :T) 2 -C=CR) 2 M(C 6 F 5 ) 2 (55) [M = Pt, R = Ph, 
L 2 = dppe (55b), COD (55c), L = PPh 3 (55d), R = 'Bu, L 2 = dppe (55e), 
COD (55f), L = PPh 3 (55g); M = Pd, R = Ph, L = PPh 3 (55h), R = 'Bu, 
L = PPh 3 (55i)] have been prepared by reacting ds-PtL 2 (C=CR) 2 with 
m-M(C 6 F 5 ) 2 (THF) 2 (M = Pt, Pd) (22). The structure of (dppeJPtQx-W- 
C=CPh) 2 Pt(C6F 5 ) 2 (55a) was established by X-ray diffraction methods. 



56 


56 

MX R 


Pt C 6 F 5 Ph 

c 

Pt C 6 F 5 Bu‘ 

d 

Pt C 2 R Ph 

• 

Pt C 2 R Bu 1 

f 

Pd C 6 F 5 Ph 

g 

Pd C 6 F 5 Bu 1 


The reaction of [Bu 4 N] 2 [cw-Pt(C6F 5 ) 2 (C=CSiMe 3 ) 2 ] with (Pt(C 3 H 5 ) 
Cl} 4 in a 4:1 molar ratio and with {Pd(i? 3 -C 3 Hs)Cl} 2 in a 2:1 molar 
ratio afforded c/>[{Pt(C 6 F 5 ) 2 (/x-r) l :T ) 2 -C=CSiMe 3 ) 2 }M(T ) 3 -C 3 H 5 )]- (55) 
[M = Pt (55j), Pd (55k)] (772). The dianionic complexes m-[Pt(C 6 F 5 ) 2 - 
(C==CR) 2 ] 2 - and [Pt(C 6 F 5 )(X)(C=CR) 2 ] 2 - (R = Ph, 'Bu) on the other 
hand, react with c/s-M(C 6 F 5 ) 2 (THF) 2 to afford the bimetallic complexes 
[(C 6 F 5 )(X)Pt(M-o-/7r-C=CR) 2 M(C 6 F 5 ) 2 ] 2 - (56) [M = Pt, X = C 6 F 5 , R = Ph 
(56b), R = 'Bu (56c); M = Pt, X = C==CR, R = Ph (56d), 'Bu (56e); M = 
Pd, X = C 6 F 5 , R = Ph (56f), 'Bu (56g)], where one of the bridging <T,ir- 
acetylide ligands migrates, thereby changing coordination modes between 
the two metal atoms (22). This conversion can be represented by: 
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iPt(7j'-C 2 R), M(tj 2 -C 2 R)} -> {Pt(T}--C 2 R), M(t)'-C 2 R)} 

The structure of one of the products [PMePh 3 ] 2 [(C 6 Fj) 2 Pt(/Li-C=CPh) 2 - 
Pt(C 6 F 5 ) 2 ] (55b) was confirmed by an X-ray structure analysis (22). It 
seems reasonable to assume that the migration (A—>D) proceeds via a 
/n-W-C^CR intermediate (C). In fact, the structural data of 51 show 
that although the acetylene ligands were cr-bonded to the Ti center ini¬ 
tially, the bridging ligands are tilted in such a way that the cr-bonding or¬ 
bitals point more to the platinum atom in the final product (167). 



A' 

The neutral binuclear double-bridged acetylide complexes {Pt(/a- 
o-/77-C=CR)(C ft F,)(PPh3)} 2 (56) [R = Ph (56h), 'Bu (561), SiMe 3 (56j)] 
have been synthesized from tran.s-Pt(C=CR) 2 (PPh 3) 2 and cis- 
Pt(C 6 F 5 ) 2 (THF) 2 (173). The crystal structure of 56h shows that two iden¬ 
tical Pt(C 6 F 5 )(PPh 3 )(C=CPh) units are joined together through rp-bond- 
ing of M—C=CPh moieties. This again establishes a site preference for 
ligands and involves a rearrangement of groups between two metal cen- 
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ters. The ^-coordination modes can be displaced by ligands L (L = PPh 3 , 
pyridine) to give bridge-cleaved mononuclear products. 

The reaction of Ir(COD)Cl dimer with bis(trimethylsilyl)acetylene gives 
the bimetallic complex Ir 2 (COD) 2 (/x-i 7 1 :i 7 2 -C=CSiMe 3)2 (57), in which 
each Ir is unbonded to one alkynyl ligand and 7r-bonded to the other (174). 
The synthesis of the analogous Rh complex requires the addition of 
methyllithium. The dinuclear compounds are cleaved by trimethylphos- 
phine to form mononuclear complexes with cr-alkynyl ligands. Complex 
57 reacts with an excess of COD by cleaving the dimer and adding over 
the alkyne ligand to give an unusual bicyclic ligand with allyl- and alkene- 
bonding functions, Ir(COD)(2-4-T/ 3 :9-7) 2 -bicyclo[3.3.1]non-2-en-4-yl-9-tri- 
methylsilylmethylene). 


R 



Zirconocene, “Cp 2 Zr,” was generated in situ and treated with 2 equiv 
of trimethylsilylacetylene to afford, in very low yield, the dimer 
{ZrCp 2 (/x-V:i7 2 -C=CSiMe3)}2 (58a) (175). The corresponding titanium 
analog {Cp 2 Ti(C=CSiMe 3)}2 (58b) was prepared earlier by Hawthorne 
and co-workers (176) through the addition of an ether slurry of NaC= 
CSiMe 3 to titanocene dichloride. Structural analysis of 58a and 58b reveal 
that the two metal atoms and the four acetylene carbon atoms lie in a 
plane and that the metal-carbon cr and rr bond distances of the two 
acetylene ligands do not differ significantly. The structure is well repre¬ 
sented by structural type D. 

Erker and co-workers (143,177) reacted M(R'Cp) 2 (C=CR) 2 (M = Zr, 
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Hf; R = Ph, Me; R' = H, Me, 'Bu) with zirconocenes (R"Cp) 2 Zr (R" = H, 
Me, 'Bu), generated in situ from the corresponding (7j 4 -butadiene)zircono- 
cene precursors to give, in yields of around 60%, binuclear cr,77-alky- 
nyl-bridged complexes (R'Cp) 2 M(/i-V^ 2 ‘C=CR)(/i-i 7 2 :V-C=CR)Zr- 
(R"Cp) 2 (59) [M = Zr, R' = R" = H, R = Me (59a), Ph (59b), R' = R" = 
Me, R = Me (59c), Ph (59d), R' = R" = 'Bu, R = Me (59e), Ph (59f); M = 
Hf, R' = R" = H, R = Me (59g), Ph (59h)]. Again, by combining metal 
fragments with different alkyl substituents, it was possible to show from 
the spectroscopic and structural data of the products that during the 
course of the reaction a cr-acetylide migration between the two metal 
centers occurred, which again demonstrates that in bimetallic systems 
acetylide ligands may have a site preference with respect to <x- and 77- 
coordination modes. Although the complex {Zr(Cp')(/x-C=CPh)} 2 (59d) 
displays essentially the same structural parameters as 58a with respect to 
the bridging units, the Zr-C bond distances are significantly shorter than 
the corresponding distances of mononuclear bis(acetylide) complexes 
of zirconium (143). Bond length values indicate considerable n interac¬ 
tion between the metal centers and adjacent organic n system across the 
connecting cr bond, which justifies contributions from structure types 
D and E. 

Molecular orbital studies (178) of bis(/x-alkynyl)-bridging complexes of 
the type L 2 M(^-77 i :t 7 2 -C=CR) 2 ML 2 (L 2 M = Cp 2 Zr, Cp 2 Ti) (D) reveal that 
the in-plane it and 77 * orbitals of the bridging acetylenes find bonding 
partners among them. Bending the bridging ligands (B) enhances such 
interactions, lengthens the carbon-carbon triple bond distances, and may 
ultimately result in weak bonding interactions between the two cr-bonded 
carbon atoms of the two acetylene ligands. In the titanium complex the 
M-C and C"-C' a nonbonding distances are shorter compared to the cor¬ 
responding separation in a zirconium analog. It is predicted that this 
separation may be small for Ti and that the bonding interaction between 
the carbon atoms may go all the way to form O-C'" coupled products (F). 
The resulting binuclear complex L 2 Ti(/i-RC 4 R)TiL 2 with R = H has a 
bridging HC 4 H ligand which can be described as a zigzag butadiyne li¬ 
gand. In fact, it is known that (phenylethynyl)titanocene spontaneously 
dimerizes under conditions of preparation by C-C coupling (179). The 
structure type F was established for the dinuclear product 60 by X-ray 
analysis (Table XI), which showed a C-C coupling distance of 1.485 A 
and Ti—Ti distance of 4.227 A (180). Interestingly, no C-C coupling was 
observed for 58b, where the corresponding C-C distance was 2.706 A and 
the Ti-Ti distance 3.550 A (176). 

The reaction of the RCp 2 TiCl dimer (R = SiMe 3 ) with LiC=CPh results 
in the coupling of two acetylide ligands to give a bimetallic complex 
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TABLE XI 

Selected X-Ray Data" for Bis o-^-Bridged Acetylene Moieties in 
Bimetallic Complexes 


P 



Complex 


Bond distances (A) 


Bond angles (°) 

Ref. 

No. 

M 1 

M 2 

M*-M 2 

M'-C, 

M 2 -C, 

M 2 -C, 

M‘-Cj 

M 2 -C 2 

M'-C 4 

c,-c. 

C 3 -C 4 

a 

)8 

55b 

Pt 

Pt 

3.43 

1.978 

2.263 

2.267 

1.230 

170.4 

152.6 

(22) 





2.023 

2.369 

2.304 

1.219 

173.2 

154 


57 

Ir 

Ir 

3.339 

1.98 

2.23 

2.18 

1.23 

176 

146 

(174) 





2.01 

2.24 

2.18 

1.21 

175 

146 


58a 

Zr 

Zr 

3.522 

2.191 

2.426 

2.407 

1.249 

— 

— 

(175) 





2.191 

2.420 

2.399 

1.260 

172.7 

142.5 


59b 

Zr 

Zr 

3.506 

2.188 

2.431 

2.407 

1.261 

172.3 

213.2 

(143) 

60* 

Ti 

Ti 

4.227 

2.153 

2.325 

2.083 

1.325 

155.8 

128 

(180) 

62‘ 

Ti 

Ti 

— 

2.069 

2.393 

2.318 

1.244 

176.4 

141.5 

(182) 


tl Standard deviations omitted. 
* C,-C 3 distance 1.485 A. 
r C|-C 3 distance 2.726 A. 


containing a bridging 1,4-diphenyl-1,3-butadiene ligand (18J). Two dinu- 
clear intermediates were isolated from the reaction, the first, containing 
two /u-V-C=CPh (C) units, formed at low temperature after 2 hours and 
converted to the second over 16 hours, which contains two 
C=CPh (D) ligands. The final product, [RCp 2 Ti(^-PhC 4 Ph)TiRCp 2 ] (61) 
(F), was isolated after stirring at room temperature. 

The reaction of {CpZr(iM-Cl)} 2 (tJi-r} 5 :rf-CioH&) y where the two Zr cen¬ 
ters are held closely together by the 7r-coordination to fulvalene and 
two bridged chloro ligands, with 2 equiv of LiC=CPh give {CpZr(^- 
C=CPh)} 2 (/i.-T 7 2 :T 7 2 -C|oH 8 ) (/#/). Spectroscopic data indicate that both 
acetylene bridging ligands are cr-coordinated to the one and 7r-coordinated 
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to the other metal center. The bridging ligands display definite alkylidene 
character, which corresponds to structure E. 

Whereas the reaction of PhC=C-C=CPh with coordinatively unsatu¬ 
rated “Cp 2 Ti” affords 60, the analogous Me 3 SiC=C-C=SiMe 3 gives 
{Cp 2 Ti(V:T? 2 ’C=CSiMe 3 )} 2 (62) (D and E) with cleavage of the original 
butadiyne ligand (182). The complex 62 can be obtained from the reduc¬ 
tion of titanocene dichloride by Mg in the presence of 1,4-bis(trimethyl- 
silyl)butadiyne or from the reductive elimination of Me 3 SiC=C-C= 
CSiMe 3 from Cp 2 Ti(C=CSiMe 3 ) 2 and subsequent reaction with unreacted 
Cp 2 Ti(C=CSiMe 3 ) 2 . Coupling of two phenylethynyl ligands has also been 
confirmed in a structural study of (Cp* 2 Sm) 2 {(/z-7) 2 :7) 2 -PhC 4 Ph)} (183). 

Homoleptic cr-bonded tetrakis(acetylide) complexes [Pt(C=CR) 4 ] 2_ re¬ 
act with ra-Pt(C 6 F 5 ) 2 (THF) 2 in a 1:1 ratio to give dinuclear complexes 
[NBu 4 ] 2 [{Pt(C 6 F 5 )(C=CR)(At-o-/7r-C=CR)} 2 ] (63) [R = 'Bu (63a), SiMe 3 
(63b)] and in a 1:2 ratio to give the trinuclear complexes [(C6F 5 ) 2 Pt()Lt-cr/7r- 
C=CR) 2 Pt(^-7 ? , :T ? 2 -C=CR)Pt(C 6 F 5 ) 2 ] 2 - (64) [R = Ph (64a), 'Bu (64b), 
SiMe 3 (64c)] (184). The crystal structure of 64a (Fig. 2) reveals many 
interesting features with respect to the central Pt(C^CPh) 4 unit and rear¬ 
rangement processes. The expected acetylide migrations occurred only 
on the one side of the molecule, leaving two adjacent Pt fragments for¬ 
mally negatively charged. One is tempted to predict that this complex 
under thermal conditions should, after further rearrangement, which also 
involves the other side of the molecule, afford a more symmetrically 
coordinated trimetailic product, with both the outermost Pt fragments 
negatively charged. 



Fig. 2. X-Ray structure of pChFshPUM-^/Tr-C^CPh^PU/i-^T'C^CPhJPUChFsh] 2 
(64a) IFornies el al. (184)]. 
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D. a-Carbene, Carbyne/n-Alkene, Affyl, and Alkyne Complexes 
1. cr-Carbenehr-Alkene 

The coordination of a second transition metal fragment to the 7r-elec- 
tron density of a metal-carbene bond is represented by the bonding type 
A. In fact, it was the recognition of the potential of such an interaction 
that lead to the well-known discovery by Stone and co-workers ( 89,185 ) 
that molecules containing unsaturated metal-carbon bonds (Lewis bases) 
can additively react with complexes containing vacant coordination sites 
(Lewis acids). The resulting product is best formulated with a three- 
membered dimetallopropane ring-structure, the discussion of which falls 
outside the scope of this article (5). The reactive fragment Cp 2 Ti=CH 2 
reacts with a variety of late transition metal complexes containing bridg¬ 
ing halide ligands, {ML n 0u-Cl)} 2 , to yield early-late binuclear complexes 
(B) containing p-CH 2 and /x-Cl ligands (186,187). Owing to the bridging 
ligands the metal-metal bond distances are sufficiently short to assume 
that some direct metal-metal interaction is present. 



B 


The deprotonation of acidic hydrogen atoms in the a position to the 
carbene carbon atom of many Fischer carbene complexes affords the 
very reactive and versatile carbene anions [L„M{=C(OR)CH 2 }]“ (188- 
190). Macomber et al. (191,192) have demonstrated that these carbene 
anions react effectively with organometallic substrates to give bimetal¬ 
lic complexes of chromium and tungsten with cr,o--bonded bis(carbene) 
bridges. This bis(carbene) complex (CO) 5 W=C(NMe 2 )CH 2 CH 2 CH- 
(SiPh 3 )C(OMe)=W(CO) 5 underwent a clean rearrangement whereby the 
silyl group migrated to the carbene carbon to give (CO) 5 W{=C(NMe 2 )- 
CH 2 CH 2 CH=C(OMe)SiPh 3 } (193). It was proposed that this novel 
rearrangement is facilitated by the metal center through a 1,3-shift of the 
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SiPh 3 group to the tungsten, yielding (CO) 5 W{=C(NMe 2 )CH 2 CH 2 
CH—C(OMe)}W{SiPh 3 }(CO) 5 , followed by a reductive elimination sup¬ 
ported by a <T,7r-bridged bimetallic intermediate (CO)^{fx-r) i :r) 2 - 
C(NMe 2 )CH 2 CH 2 CH=C(OMe)SiPh 3 }W(CO) 5 . 

One of several complexes formed by photochemically reacting 
CpRe(CO) 3 and PhC=CH in THF, was the binuclear complex Cp- 
(CO) 2 Re{^t-i 9 l :i 7 2 -(=C=C(Ph)C(Ph)—CH 2 )}ReCp(CO) 2 (65) (129). The 
formation of 65 involves a photoinduced coupling of two acetylene units. 
The structure of 65 reveals that the vinyl substituent of a vinylidene 
complex is ^-bonded to a second rhenium center. 


Ph 


Cp(CO) 2 Re= : 


Ph 



ReCp(CO). 


65 


Although very few examples of bimetallic complexes having carbene- 
alkene or carbene-alkyne <r,ir-bridging ligands have been reported, their 
existence as possible intermediates has been postulated (194). Electronic 
and geometric properties of metal fragments and bridging bifunctional 
ligands could promote intermolecular coordination (B, C), which presents 
an alternative to intramolecular interaction (A). 



L n-1 M 


ML 



n-1 


C 

The reaction of the chromium and tungsten carbene anions [(CO) 5 - 
M=C(OMe)CH 2 }]“ (M = W, Cr) with coordinated alkenes has been stud¬ 
ied by Beck and co-workers (195,196), as well as by Geoffroy and co¬ 
workers (197). The reaction of the carbene anions with cationic com¬ 
plexes having a coordinated ethylene ligand leads to the formation of 



268 


SIMON LOTZ el al. 


o-,o--bridged bimetallic carbene-alkyl complexes, (CO) 5 M{=C(OMe)- 
CH 2 CHR'CHR"}M'L n [M'L„ = Re(CO) 5 , M = W, Cr, R' = R" = H) 
(195,196)-, M'L„ = FeCp(CO) 2 , M = Cr, R' = Me, R" = Me, H, R' = Ph, 
R" = Me (197)]. The carbene anions react with the cationic allyl complex 
[Cp(CO)(NO)Mo(T} 1 -C 2 H 5 )] + to give o-,7r-bridged bimetallic carbene- 
alkene complexes, [(CO) 5 M{=C(OMe)CH 2 CH 2 CH=CH 2 -Tj 2 -}MoCp- 
(CO)(NO)] (66) [M = Cr (66a), W (66b)] [Eq. (29)] (195). 


,OCH, 


(CO),M . + Cp(NO)(CO)Mo- 

5 CH 2 lp 


(29) 



Addition of the carbene anions [(CO) 5 M{=C(OMe)CH 2 }] _ , to the cat¬ 
ionic tropylium complexes, [M'(CO) 3 (t) 7 -C 7 H 7 )] + , gave (CO),M{= 
C(OMe)CH 2 —C 7 H 7 -t) 6 -}M'(CO) 3 (67) [M = Cr, M" = Cr (67a), Mo (67b); 
M = W, M' = Cr (67c), Mo (67d)] (196). Aumann and Runge (198) have 
studied the reaction of the carbene complexes M{=C(OEt)Me}(CO) 5 
with the uncoordinated tropylium ion, C 7 H 7 + BF 4 , in the presence of the 
base NEt 3 . Thermolysis of the product, the 2-cycloheptatrienyl-ethyli- 
dene complex, afforded as the major reaction product 4,5-homotropili- 
dene and as a by-product from a side reaction (CO)<jCr{=C(OEt)- 
CH 2 —C 7 H 7 -T) 7 -}Cr(CO) 3 (67e). A crystal structure determination of 67e 
revealed a W=C bond distance which is typically found for tungsten 
carbene complexes (199) in which the carbene moiety is located on the 
exo position of the C 7 H 7 ligand. 

The bimetallic complex (CO) 5 Cr{=C(OMe)CH 2 —C6H 7 -Tj 4 -}Fe(CO) 3 
(68a) was synthesized by reacting the anionic carbene precursor with the 
cationic cyclohexadienyl complex [Fe(Tj 5 -cyclohexadienyl)(CO) 3 ] + (197). 
Complex 68a is chiral, and a structure determination showed that both 
enantiomers are present in the unit cell. Deprotonation of a second acidic 
proton from the position a to the carbene carbon of 68a by «-BuLi and 
subsequent treatment with another equivalent of the iron substrate af¬ 
forded the trimetallic complex (CO) 5 Cr=C(OMe)CH{C 6 H 7 -T) 4 - 

Fe(CO) 3 } 2 (68b). The complex 68b has three chiral centers and can as a 
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67 

M 

M' 

a 

Cr 

Cr 

b 

Cr 

Mo 

c 

W 

Cr 

d 

W 

Mo 


R=H a 

R=(n 4 -C 6 H 7 )Fe(CO) 3 b 


result exist as a pair of enantiomers or as two meso forms. Two of these 
were isolated and separately characterized by X-ray crystallography. As 
predicted from the method of synthesis, the structure displays the chro¬ 
mium carbene moiety to be situated on the exo faces of the coordinated 
cyclohexadiene rings. 

Deprotonation of W{=C(NEt 2 )Me}(CO) 5 and subsequent treatment 
with carbon disulfide generates in situ the anion [W{=C(NEt 2 )CH 2 CS 2 }- 
(CO)d', which reacts with the cationic allyl complex [MoCp(CO)(NO)- 
{ij 3 -C 3 H 5 }] + to give (CO) 3 W{=C(NEt 2 )CH 2 C(S)SCH 2 CH=CH 2 -T ? 2 -}Mo- 
Cp(CO)(NO) (69) (200). The ,3 C NMR spectrum of 69 shows a duplication 
of resonances, indicating the presence of diastereoisomers in solution 
and a nonstereoselective reaction pathway. 



l-C 2 h 4 o 
L-CO b 
L«PMe^ c 
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The ethylene ligand in CoCpfV^H^ readily undergoes substitution 
and reacts at 50°C with CoCpCV-CsfW, whereby a Co fragment dis¬ 
places the activated hydrogens of the 7j 4 - c y c l°P enta d<ene ligand to give 
CpCo{/i-C 5 H 4 }CoCp(i 7 2 -C 2 H 4 ) (70a) (201). The ethylene ligand in 70a is 
easily substituted by ligands L to give CpCo{/i-C 5 H 4 }CoCp(L) [L = CO 
(70b), PMe 3 (70c)]. Two structures are possible for the cr,7r-bridging li¬ 
gand. The bridging ligand may be of the cyclopentadienylidene type and 
have 7j 4 -cyclopentadiene and Tj'-carbene bonding functions, W-Cst^, 
or of a zwitterion cyclopentadienyl type and have Tj 5 -cyclopentadienyl 
and Tj'-alkyl bonding functions. According to the X-ray structure analysis 
and structural data of the bridging ligand, complex 70c is better repre¬ 
sented by a structure that incorporates a bridging diolefin-carbene ligand. 
The reaction of 70a with silylalkynes is unusual and gives o-,7r-bimetallic 
complexes 71a-f with a cobalt bicyclic ring system as ligand (202). Al- 
kynes with different silyl substituents give nonseparable mixtures of the 
stereoisomers in which each of the silyl substituents is bonded to the 
cobalt center. Characteristic are the resonances in the 'H NMR spectrum 
of the cobalt-enyl hydrogen (8 9.9-11.1 ppm) and the broad signal at 8 
values 30-40 ppm for the cobalt-coordinated silyl group in the 29 Si NMR 
spectrum. Insight into the bonding was provided from a crystal structure 
determination of an analogous compound 71g. In 71g two trimethylsilyl 
groups are present, but the Cp ligand of the 7r-bonded Co is replaced by an 
Tj 5 -C 5 Me 4 Et ligand. The carbacyclic five-membered ring of the cobalta- 
pentalene ligand is bonded through all five carbon atoms. 


2. cr-Carbenel-rr-Allyl 

Erker and co-workers (13,206-224) have introduced a new synthetic 
route for the synthesis of Ficher-type metallocene oxocarbene com¬ 
plexes. This method, whereby a terminal carbonyl ligand is converted to a 
carbene by a second, early transition metal center, involves C-C coupling 
of a coordinated alkene with an ^-coordinated terminal carbonyl at an 
early transition metal center [Eq. (30)]. Review articles (13,207-209) have 
appeared in the literature that extensively cover this area of chemistry, so 
only a short summary concerning bimetallic complexes with cr-carbene 
and 7r-allyl bridging ligands is presented. 



L n M‘C0 



( 30 ) 
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TABLE XII 

Selected Data of Metallacyclic Zirconiumoxo Carbene" Complexes 



Bond distances (A) 

- ,3 C NMR (ppm). 


M‘L„ 

Zr-C, 

Zr-C : 

Zr-C, 

M 1 -C, 

C-O 

C\ 

Ref. 

VCp(CO), 

2.443 

2.514 

2.653 

2.102 

1.270 

— 

(210) 

Cr(CO)< 

2.420 

2.491 

2.624 

2.063 

1.254 

363.7 

(212) 

WtCOL'’ 

2.445 

2.535 

2.667 

2.212 

1.267 

342.2 

(213) 


2.421 

2.497 

2.621 

2.198 

1.262 



CoCp(CO) 

2.423 

2.492 

2.614 

1.815 

1.287 

311.9 

(217) 

RhCp(CO) 

2.434 

2.514 

2.640 

1.925 

1.278 

300.8 

(218) 


“ C, represents the carbene carbon atom. 

h Two orientations for the ally] moiety afford crystallographically independent units. 


In the compounds the carbene ligand of M' is attached to a second 
transition metal (M) by coordination through the oxygen and ally 1 func¬ 
tions of the carbene substituents. Early transition metal metallocenes 
with coordinated butadiene, MCp 2 (T 7 4 -C 4 H 6 ) ( M = Zr, H f, Th), react 
with metal carbonyls L„M'CO to give Cp 2 jto(/x-T/\ 77 , -CH 2 CH=CH- 



Fig. 3. X-Ray structure of Cp 2 Zr{/i-T ? 3 :r ? , -CH : CH=CHCH>C(0)={CoCp(CO)} (72) 
|Eker et al. [217)1 
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CH 2 C={M'L„}0) (72) (M = Zr, M' = Zr, Hf, L„ = Cp(CO) (13); M'L„ = 
VCp(CO) 3 , NbCp(CO)j (13,210,211); Cr(CO) 5 , Mo(CO) 5 , W(CO) 5 (212- 
215); Fe(CO) 3 L, L = CO, PPh 3 (216); Co(XCp)(CO), X = H, Cl (217); 
RhCp(CO) (218); cis- and fra/u-Pt(C 6 F 5 ) 2 L, L = CO, P'Pr 3 (219); M = Hf, 
M'L„ = VCp(CO) 3 (220); M = Th, M'L„ = Cr(CO) 5 (221)]. The most 
important structural features of these compounds (210,212-214) are an 
asymmetrically Zr-bonded t) 3 -allyl group, shorter zirconium-carbon bond 
lengths for the terminal bonded allyl carbon, a very short carbon-oxygen 
distance, and a relatively long carbon-metal bond distance for the car- 
bene ligand (Table XII, Fig. 3). Although significant acylmetal complex 
character is present in the majority of the examples studied, very short 
M-C(carbene) distances were recorded for the cobalt (217) and rhodium 
compounds (218). The dialkylboryl complex HfCp 2 {T) 4 -/ra«i-(9-BBN)- 
butadiene} (9-BBN is borabicyclo[3.3.1]nonane), generated by low tem¬ 
perature photolysis, reacts regioselectively with C-C coupling at the less 
substituted (9-BBN)butadiene terminus to yield a 4:1 mixture of the iso¬ 
meric (7r-allylmetaloxy)carbene and seven-membered (cr-allylmetaloxy)- 
carbene complexes (222). In the case of the hafnium metallocycle with 
niobium and vanadium carbenes, an equilibrium is established in solution 
between the 7r-allyl and seven-membered cr-allyl forms (220). The com¬ 
plexes 72 react with ketones and aldehydes by insertion into the metal- 
allyl bond to give extended nine-membered metallocyclic zirconoxycar- 
bene complexes (223,224). The C-C double bond of the nine-membered 
ring is located directly in front of the metal atom (Zr, Hf) and is found in 
one of two isomeric forms. Although the metal is formally a 16-electron 
species, the rigid nature of the metallocyclic framework places the double 
bond outside the range for ir-bonding interaction (220). 


3. <T-CarbeneliT-Alkyne 

As far as we are aware only isolated examples of stable, fully character¬ 
ized bimetallic complexes which could be classified having cr-carbene and 
7r-alkyne bridging ligands and without metal-metal bonds have been re¬ 
corded. Gladysz and co-workers (203,204) developed synthetic routes to 
synthesize cr,cr-bimetallic complexes of the general formula L„MC,M'L„ 
(x = 2, 3). These methods were based on the deprotonation of ter¬ 
minal acetylide complexes and their metallation with organometallic 
substrates or reaction with metal carbonyls. The reaction of Re- 
Cp*(PPh 3 )(NO)(C=CLi) with dirheniumdecacarbonyl and subsequent al¬ 
kylation with Me 3 OBF 4 afforded the trimetallic Fischer carbene complex 
(X). Alkoxy abstraction by the electrophilic BF 3 resulted in cleavage of 
the Re-Re metal bond and formation of a novel trimetallic complex in 
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which the Q chain is anchored by cr-bonded transition metal fragments on 
each end and spanned by a third Re fragment which is ir-bonded [Eq. (31)] 
(205). The structure of [Cp^PhjPHNOlRel/Lt-rj'rrj^V-CCCiRelCOlsJlRe- 
(CO) 4 ]BF 4 (73) was confirmed by X-ray crystallography. It is possible to 
draw many resonance forms for the bridging Cj ligand and the descrip¬ 
tions [Re]=C—C=C—[Re] and [Re]=C=C=C—[Re] were presented 
for the chain. However, the pattern of Re-C and C-C bond lengths sug¬ 
gests that a structural formulation of Cp*(Ph 3 P)(NO)Re=C— 
C=C—Re(CO >5 dominates. 




An interesting carbene-alkyne intermediate was postulated for the con¬ 
version of carbene complexes to chrysene derivatives, which again illus¬ 
trates the potential of a-,7r-activation of bridging ligands by metal centers 
[Eq. (32)] (225). The thermal decomposition of the carbene complex Cr- 
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{C(OMe)C 6 H 4 -o-C=CPh}(CO )5 leads directly to the formation of a chry¬ 
sene derivative via the formal dimerization of the carbene ligand. A plau¬ 
sible explanation for the formation of the final product involves a doubly 
alkyne-bridged dinuclear complex, alkyne insertions into metal-carbene 
bonds, and coupling of the carbene carbons. 

4 . cr-Carbyneln-Alkene 

Utilization of the electron-rich metal-carbyne bond to function as a 77- 
ligand toward coordinatively unsaturated metal complexes has widely 
been employed by Stone and co-workers ( 226,227) and represents a versa¬ 
tile route for the synthesis of bimetallic and trimetallic complexes with 
metal-metal bonds. Bimetallic carbido-bridged complexes [M]=C=[M] 



( 228,229 ) or metallated carbyne complexes [M]=C—[M] ( 230-232 ) and 
their chemistry are growing in interest. Templeton and co-workers (233) 
prepared the /u.-carbide complex Tp(CO) 2 Mo=CFeCp(CO) 2 [Tp is 
tris(3,5-dimethylpyrazolyl)borate] by reacting the chlorocarbyne complex 
Tp(CO) 2 Mo=CCl with K[FeCp(CO) 2 ] and studying the chemical reactiv¬ 
ity of the bimetallic complex. The complex was protonated with fluoro- 
boric acid to give a cationic /a-methyne product. Spectroscopic data are 
representative of a product displaying agostic character for the proton and 
a small barrier against the oscillation of the metal fragments. 



M'Lfi 
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The addition of the anionic thiocarbyne complex Tp(CO)iM=CS~ 
(M = Mo, W) (234) to cationic organometallic Lewis acids L„M + BF 4 , 
[ML m (t 7 2 -C 2 H 4 )] + , and [ML„(i 7 2 -C;>H 2 )] + affords the o\o--bimetallic com¬ 
plexes Tp(CO) 2 M{=CS-}ML n , Tp"(cb)2M{=CSCH 2 CH2—}ML„, and Tp- 
(CO) 2 M{=CSCH=CH—}ML„, respectively (18,195). The complexes 
TpICOFM^CS" (M = Mo, W) react with the cationic allyl complexes 
[M'L n {T) 3 -C 3 H 5 }] + to give bimetallic complexes with cr-carbyne and tt- 
alkene bridges, Tp(CO)2M{=CSCH2CH=CH 2 -7) 2 -}M'L„ (74) [M = Mo, 
M'L„ = Fe(CO) 4 (74a), MoCp(CO)(NO) (74b); M = W. M' = Fe(CO) 4 
(74c), MoCp(CO)(NO) (74d)] (195). Whereas the thiocarbyne precursors 
attack the cyclohexadienyl ring in [Fe{7) 5 -C 6 H7}(CO) 3 ] + to give the corre¬ 
sponding y: 7 ) 4 -cart>yne-diolefin complex Tp(CO) 2 M{=CS—C 6 H7-V}F e - 
(CO) 3 (75) [M = Mo (75a), W (75b)] attack on [Mo{7) 7 -C 7 H 7 }(CO) 3 ]BF4 is not 
on the ring but on the metal center to give Tp(CO) 2 M{=CS}Mof> 7 7 - 
C 7 H 7 }(CO) 2 . 



M»W b 


E. a-Alkyl, Carbene, and Carbynehr-Arene Complexes 

Bimetallic complexes where the cr-bonded metal center is bonded to an 
arene ring carbon atom, and is thus in direct contact with the tt system of 
the arene ring via metal d orbitals, are distinguished from those where the 
cr-metal fragment forms part of a nonconjugated side chain of the ring. 

1. TT-Cyclopentadieny! Complexes 

a. cr-Alkyl Complexes, a, 7r-Bonded bridging cyclopentadienyl com¬ 
plexes fall into two classes of compounds, those where the cyclopenta¬ 
dienyl ligand is the only link between the two metal centers A and those 
where the Cp bridge is supported by other bridging ligands C. A special 
case of L„M{tj 5 :y-C 5 H 4 }M'L„ (A) has the ferrocenyl fragment cr-bonded 
to the second metal fragment, FcM'L„ [Fc is FefV-QHsKTj’-QFL)] (B). 
Similarly, the linking of a o-,7r-bridged cyclopentadienyl bimetallic com- 



276 


SIMON LOTZefa/. 


plex L„M{Qx-X) m }{y: y-C 5 H 4 }M'L„ (C) by a second cyclopentadienyl 
ligand (X m = C5H4) in a <t,tt fashion (D) represents merely a subgroup of 
compounds with supportive bridging ligands. 



Bimetallic complexes of bonding type A were synthesized and studied 
extensively for the cyclopentadienyl complexes of especially Fe and Mn 
by Russian scientists between 1970 and 1980 (235). A facile method of 
synthesizing these compounds is via the reaction of the lithiated cyclo¬ 
pentadienyl complex LiCpML„ with a metal halide, M'L„X. In this way, 
many examples of bimetallic complexes with a wide range of cr-bonded 
transition metal fragments have been prepared. For example, 
C 5 H 4 {M'L„}}Mn(CO ) 3 (76) [M'L„ = Fp = CpFe(CO ) 2 (76a) (236), 
CpW(CO) 3 , Re(CO) 5 , Mn(CO) 5 , Pt(PPh 3 )Cl, CpNi(PPh 3 ), AuPPh 3 , Ag, Cu 
(235)]. Decarbonylation of the acyl complex (y :y-C 5 H 4 C(0){Fp})Mn- 
(CO ) 3 (77) provides another route to ( 17 1 :T) 5 -C 5 H 4 {Fp})Mn(CO) 3 . The com¬ 
plex (y : y-C 5 H 4 {Fp})Fe(CO) 2 R (78a) (R = Me) was also synthesized from 
the metallation reaction with «-BuLi and Fpl (237). Complex 78a under¬ 
went further metallation at the unsubstituted Cp-ring and was sub¬ 
sequently treated with Me 3 SiCl or Fpl to give (y :i) s -CsH 4 {Fe(T) 5 - 
C 5 H 4 R')(CO) 2 }Fe(CO) 2 R (78) [R' = SiMe 3 , R = Me (78b), CH 2 Ph (78c); 
R' = H, R = CH 2 Ph (78d)] (238). The trimetallic complex Cp(CO) 2 Fe{/x- 
y : y-CjH 4 }(CO) 2 Fe{/x-T) 1 : 7 ) 5 -C 5 H 4 }Mn(CO ) 3 (79a) was synthesized simi¬ 
larly from Cp(CO) 2 Fe{/x-y :y-C 5 H 4 }Mn(CO ) 3 (76a). X-Ray structure de¬ 
termination of 76a and 79a confirms that the metals are bonded to bridging 
Cp rings in a <t,tt fashion, that the rings are asymmetrical with the ipso- 
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carbon atom noticeably further from the metal than the other ring car¬ 
bons, and that the cr-bonded metal atom is bent away from the 7r-coordi- 
nated metal toward the open side of the ring. The complex 76a was 
metallated and treated with C 3 F 7 I to give 79b (R = I) (239). The photolysis 
of 78d in the presence of PPh 3 gave (7/ :rj 5 -C 5 H 4 {FeCp(CO)- 
(PPh 3 )})Fe(CO) 2 (CH 2 Ph) (78c) (240). 

The perhalogenated cyclopentadienyl complex Mn(T} 5 -C 5 CI 4 Br)(CO ) 3 
reacts with ^-BuLi and subsequently with Mn(CO)sBr or Au(PPh 3 )Cl to 
give {r} ] :r} 5 -C$C\ 4 ( M'L„)}Mn(CO ) 3 (80) [M'L„ = Mn(CO ) 5 (80a), AuPPh 3 
(80b)] (241 ). Reactions of 80a with PPh 3 give as the major reaction prod¬ 
uct cis-(r) 1 : V-C 3 CI 4 {Mn(CO) 4 (PPh 3 )})Mn(CO ) 3 (80c) and with n-BuLi and 
Au(PPh 3 )CI, 80b. The X-ray data of the crystal structure determinations 
of 80a,b show no or very weak interaction between the metal centers. 

Dinuclear complexes of iridium containing cr-cyclopentadienyl and hy- 
drido bridges, [CpM(/i-H) 2 {/iV: V-C 5 H 4 }IrHL 2 ] + (81) [M = W, L = 
PEt 3 (81a), PMe 2 Ph (81b), PPh 2 Me (81c), PPh 3 (81d), PCy 3 (81e); M = 
Mo, L = PMePh 2 (81f), PPh 3 (81g)J were synthesized from cationic com¬ 
plexes of Ir with labile ligands of the type [IrH 2 L 2 (solvent) 2 ] + (solvent = 
acetone, ethanol, L = tertiary phosphines) and hydrido complexes 
which act as Lewis bases, Cp 2 MH 2 (M = W, Mo) (242 -245). One 
hydrido bridge of 81d can be opened by the addition of pyridine (py) or 
dppe to give [(H)(Ph 3 P) 2 (py)Ir{V : rj-CsH^^-HjWCpfHJlPFft (82a) and 
[(H)(Ph 3 P)(dppe)Ir(V : t? s -C 5 H 4 ){m-H}WCp(H)]PF 6 (82b), respectively 
(245). The crystal structures of 81c, 81f, and 82b have been determined by 
using X-ray diffraction methods, and of note is the decrease in Ir-M 
interaction in going from Mo to W (Ir-W distance 2.706 A, and Ir-Mo 
distance 2.641 A) (244,245). In 82b the Ir-W distance of 3.077 A is signifi¬ 
cantly longer than the corresponding distance in 81c, which has two hy¬ 
drido bridges (245). 

A binuclear zirconium(IV) complex with o-, 7 r-cyclopentadienyl and 
phosphine bridges, Cp 2 (H)Zr {rj ] : i 7 s -C 5 H 4 }{^-P(Ph 2 )CH 2 }Zr{CH 2 PPh 2 }Cp 
(83), has been prepared as the minor product from Cp 2 Zr(CH 2 PPh 2 )Cl by 
reduction with sodium amalgam (246,247). Both the free and coordinated 
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phosphorus environments are identifiable in the 31 P NMR spectrum of 83. 
Heating of 83 leads to the formation of a bis(cr,iT-cyclopentadienyl)- 
bridged dimer with a metal-metal bond, {ZrCp(PPh 2 Me)(i 7 ! : i 7 5 -C 5 H 4 )} 2 . 

Reduction of Cp 2 MCl 2 with magnesium in the presence of 1 equiv 
of PMe 3 affords the dimeric 17 ': i 7 5 -C 5 H 4 -bridged complexes {MCp(P- 
Me 3 )( 7 j l : 7 j 5 -C 5 H 4)} 2 (84) [M = Ti (84a), Zr (84b), Hf (84c) in very high 
yields {248). The X-ray crystal structure of 84a reveals two bridging Cp 
ligands as well as the two phosphine ligands which are cis to one another. 
Both of the bridgehead carbon atoms of the bridging Cp ligands are in¬ 
volved in a three-center bond with the two Ti atoms thereby disrupting 
the aromatic character of the Cp rings. A nonbonding Ti-Ti separation of 
3.223 A was observed. 



Under conditions of controlled oxidation of Zr(II)-bis(phosphine) com¬ 
plexes, it was shown that the oxidation proceeds over a tetranuclear 
species to afford the dimeric Zr(III) complex, {Cp(R 3 P)Zr(ji.- 7 )': 17 5 - 
C 5 H 4 )} 2 (85) [PR 3 = PPhMe 2 (85a), PPh 2 Me (85b)] {249). The oxidation of 
85b with I 2 afforded the dinuclear compound which has a Zr(III)-Zr(III) 
metal-metal bond, two bridging iodo ligands, and an tj 5 : i) 5 -fulvalene 
bridging ligand. The o-,^-coordinated cyclopentadienyl ligands couple to 
afford a final product with a tr,^-coordinated fulvalene ligand, Cp 2 Zr 2 {fi- 
IWMV '• V-C 5 H 4 —C5H4)} [Eq. (33)]. The reaction of the Zr(II) com¬ 
pound Cp 2 Zr(PMe 3 ) 2 and the Zr(IV) complex Cp 2 ZrCl 2 leads to the corre¬ 
sponding bimetallic compound, but with bridging chloro ligands {250). 
The Zr-Zr distance in the solid structure of the molecule was 3.233 A, and 
the plane for the Zr 2 Cl 2 core was symmetrically folded along the Zr-Zr 
vector. In an experiment to establish the origin of the Cp ligands which 
combine to afford the fulvalene ligand, bis(methylcyclopentadienyl)zirco- 
nium dichloride was used as reaction partner with the phosphine precur¬ 
sor. The result clearly indicated that the fulvalene ligand originated only 
from the two Cp rings of the Cp 2 Zr(PMe 3 ) 2 molecule and that the chloro 
ligands came from the zirconocene dichloride {251). 
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Fig. 4. X-Ray structure of [{CpZr^-oVTr-CjH^hl/A-NSiMei}] (86) [Wielstra et al. (252)\. 


The oxidation of {Cp(Me 3 P)Zr(y :^ 5 “C 5 H 4 )} 2 (84b) by Me 3 SiN 3 led to 
the formation of the dinuclear imido-bridged complex Zr 2 Cp 2 (pi-o-/7r- 
CsH^M-NSiMej} (86), the crystal structure of which was determined 
(Fig. 4) (252). Complex 86 reacts with the mild oxidant PhSSPh via 
cleavage of the cr bond of one of the two bridging 0 -, 77 -cyclopentadienyl 
ligands, forming an asymmetric dinuclear complex Cp(PhS)Zr{/^- 
NSiMe 3 }{^-( 7 ] 1 : V-C 5 H 4 )}Zr(CsH 4 SPh)Cp (87). Complex 86 is surprisingly 
stable, and, notwithstanding the fact that the nonbonded C-C separation 
of the two bridgehead carbon atoms of the cr,7r-cyclopentadienyl ligands 
is only 2.893 A, reductive elimination with the formation of fulvalene 
could not be achieved by either thermolysis or photolysis. Oxidation of 
84b with several reagents (R 3 PX 2 , R = 11 -Bu, Me; X = Cl, Br, I; PhSSPh; 
Me 2 PPMe 2 ) yielded the reductive coupling of the two 7) 1 :tj 5 -C 5 H 4 rings 
(253). 

The alkyne-Zr(II) complex Cp 2 (THF)Zr{T 9 2 -Me 3 SiC=CSiMe 3 } readily 
loses the THF ligand and is transformed by the transfer of a hydrogen to 
the alkyne ligand, affording a dinuclear complex with a cr-alkenyl ligand, 
Cp{Me 3 SiCH=C(SiMe3)Zr{(o-/7r-C 5 H 4 ) 2 }Zr{C(SiMe3)C=CHSiMe3}Cp 
(88) (254). The NMR data and X-ray crystal structure determination of 88 
reveal agostic interactions of the alkenyl C-H bonds and the Zr centers. 
Complex 88 is reactive toward C0 2 and water, giving the dimeric zircona- 
furanone metallocycle and zirconoxane complex, respectively (255). 

The compound {MoCp 2 (H)Li} 2 reacts with N 2 0 to afford yellow dimers 
{MoCpCHXV : t 7 5 -C 5 H 4 )} 2 (89) [cis (89a) and tram (89b)] (256). Com¬ 
plexes 89a,b react with 1 2 or Mel, yielding {MoCp(l)(V : t 7 5 -C 5 H 4 )} 2 (86c) 
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or after irradiation in toluene and subsequent treatment with MeBr or Mel 
the corresponding bromo or iodo dimer 86d (256,257). Reaction of the 
iodo dimer with Na(OEt)/NH 4 PF 6 affords the cationic complex with a 
bridging ethoxylato ligand, [CpMo{/*-OEtH(oV7r-C 4 H 4 )2}MoCp]PF6 (90). 
The compounds 89a,b rearrange thermally, affording Cp(I)Mo{/x-r) 5 :r/ 5 - 
C 5 H 4 —C 5 H 4 }Mo(I)Cp which has a metal-metal bond and a 7r,7r-fulva- 
lene bridge. Photolysis of CP 2 WH 2 in ether or thermal decomposition 
of Cp 2 W(Me)H in cyclohexane gives isomers of CpRW{(/Li-<j/ 7 r- 
C 5 H 4 ) 2 }WCp(H) (91) [R = H (91a), Me (91b)] (256). The bridging 
cyclopentadienyl brings the two metal centers in close proximity and 
determines the separation between the two metal atoms (258,259). The 
existence or absence of metal-metal bonds in bimetallic complexes is not 
always unambiguous and is often based solely on bond length data. There¬ 
fore, the inclusion of dative covalent bonds between metals by authors to 
validate the 18-electron rule is common. 



ZrCp 2 (OBu*) 


(34) 


92 

The bridging tj 5 : V-fulvalene ligand also fixes two metals in sufficiently 
close proximity to enable metal-metal interaction while allowing com¬ 
plexes to retain dinuclear status after bond fission. Irradiation of 
Ru 2 (CO) 4 {i 7 5 : T/ 5 -fulvalene} (Ru-Ru distance 2.821 A) in the absence of an 
added ligand leads to rapid formation of the thermally unstable complex 
{Ru(CO) 2 {/W: t) 5 -C 5 H 4 }} 2 (84d) (Ru-Ru distance 3.456 A) which re¬ 
verts back to the precursor at room temperature in THF (260). The binu- 
clear compound Cp 2 (CO)Zr{y : t} 5 -C 5 H 4 }Ru(CO )2 inserts ethylene in the 
tr bond of the bridged 17 1 : Tj 5 -cyclopentadienyl ligand while retaining 
the Ru-Zr metal-metal bond (261). Treatment of the reaction product 
with 'BuOH leads to metal-metal bond cleavage and formation of 
(CO) 2 (H)Ru{t ) 5 : T) 1 -C 5 H 4 CH 2 CH 2 }Zr{ 0 , Bu}Cp 2 (92) [Eq. (34)]. The reac¬ 
tion of titanocene dichloride with 2 equiv of Mn(Tj 5 -CsH 4 Li)(CO )3 af¬ 
forded Cp 2 Ti{/Li-i 7 l : T) 5 -C 5 H 4 Mn(CO) 3}2 (93) (262). The X-ray structure 
determination of 93 was recorded. 

Ferrocene-containing metal complexes have been reported over the 
years, and the topic has been reviewed (263). Again, the preferred 
method to prepare such complexes is the utilization of ferrocenyllithium 
with metal halides. Examples of bimetallic ferrocenyl compounds are 
known where the cr-bonded metals are in both high and low formal oxida¬ 
tion states. 
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94 


97 


98 



99o 



100 


The (T,7r complexes, FcML„ (94) [Fc = FefV-CjHjXV^CsH^, ML„ = 
Ti{NR 2 } 3 (R = Me (94a), Et (94b)) (264); ZrCp 2 CI (94c) (265); WCp(NO) 2 
(94d), WCp(0) 2 (94e) (266); Mn(CO), (94f) (267); FeCp(CO) 2 (94g) (268); 
RuCp(CO)L (94h) (L = CO, CN'Bu, PPh 3 , PMe 3 ); RuCp*(CO)L (94i) 
(L = CO, CN'Bu, PPh 3 , PMe 3 ); Ru(C 6 Me 6 )(CO)X (94j) (X = Cl, p-tolyl, 
/i-butyl) (269); Ru(PMe 3 ) 3 (CO)CI (94k). Fc = {tj 5 -C 5 H 4 C1}{tj 5 -C 5 H 3 C1} 
(941), ML n = FeCp(CO) 2 (94m), Mn(CO) 5 (94n), lr(PPh 3 ) 2 (CO) (94o), 
AuPPh, (94p) (270)} have been prepared directly or indirectly from a salt 
elimination reaction of FcLi and ML„X or FcCl and Na[ML„]. 

The <x-ferrocenyl compound Cp(NO) 2 W{Fc} (94d) was oxidized by air 
in a dichloromethane solution to give Cp(0) 2 W{Fc} (94e) (266), The com¬ 
plex Cp(CO) 3 W{Fc} (94q), which is isoelectronic with 94d, was obtained 
from the corresponding ferrocenoyl complex (V : T) 5 -C 5 H 4 C(0){WCp- 
(CO) 3 })FeCp (95a) after thermal or photochemical-induced decarbonyla- 
tion (268), The complex Cp(CO) 2 FeC(0)Fc (95b), which was prepared 
from the metal carbonylate anion and the halo-substituted ferrocene, was 
decarbonylated similarly. The stability of the cr bond in 94f was tested in 
different solvents and under conditions suited for hydroformylation 
reactions, and the products, Fc—CHO, Fc—COOMe and Fc—CH 2 OH, 
were characterized spectroscopically (267). Whereas a carbonyl in 94f 
was displaced by PPh 3 to give the corresponding ferrocenyl com¬ 
plex Mn(CO) 4 (PPh 3 )Fc (94r), /er/-butylisonitrile ligands displace more 
than one carbonyl and yield the ferrocenoyl complexes /«c-Mn(CO) r 
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Fig. 5. X-Ray structure of Cp*(Me 3 P) 2 RuFc (94s) [Lehmkuhl et til. (271)]. 

(CN'Bu) 2 {C(0)Fc} (95c) and cis- Mn(CO) 4 (CN'Bu){C(0)Fc} (95d). The 
complex 94f was oxidized by nitrosyl-tetrafluoroborate and iodine to 
[Mn(CO) 5 Fc] + (96a) and could be reduced back to 94f by aqueous 
thiosulfate solutions. The complexes 94h (CO), 94i (CO), and 94j (Cl) 
were oxidized by AgBF 4 to [RuL 3 (CO)L'Fc] + (96) [L' = CO, L 3 = Cp 
(96b), Cp* (96c); L' = Cl, L 3 = C 6 Me 6 (96d)]. The Ru complexes with Cp 
and Cp* ligands were also characterized by cyclovoltammetry (269). By 
refluxing CpRu(PMe 3 ) 2 CH 2 'Bu and ferrocene in THF for 2 days the bime¬ 
tallic complex Cp*(PMe 3 ) 2 Ru{Fc} (94s) was formed (Fig. 5) (271). 

The doubly metallated 1 ,r-dilithioferrocene reacted with metallocene 
dichlorides at room temperature by the displacement of both chloro li¬ 
gands affording the [l]ferrocenophanes {RCsH^MKtj 1 : rj 5 -C 5 H 4 ) 2 Fe} (97) 
[M = Ti, R = H (97a), Bu (97b); M - Zr, R = H (97c), 'Bu (97d), M = Hf, 
R = H (97e), 'Bu (97f)] (272). The X-ray crystal structure determination 
of 97d displays a Zr atom which is pseudotetrahedrally surrounded by two 
cr-bonded and two 7 r-bonded cyclopentadienyl ligands with the Zr acting 
as the link between the two Cp rings of the ferrocene. As a result of this, 
the rings are in an eclipsed conformation and are tilted toward the Zr atom 
with an angle of 6 . 0 ° and a Zr-Fe distance of 2.962 A. 

The [ 1 ]ferrocenophanes (1,1 '-ferrocenediyl)phenylphosphine and 
-phenylarsine react with phenyllithium by opening the P or As bridge to 
give r-lithio-l-(diphenylphosphino)ferrocene and 1 '-lithio-l-(diphenylar- 
sino)ferrocene, respectively (273,274). The reaction of Fe(rj 5 -C 5 H 4 Li)(r/ 5 - 
C 5 H 4 PPh 2 ) with M(CO ) 6 followed by Me 3 OBF 4 affords the zwitterions 
Fe(r ? 5 -C 5 H 4 {M-(CO) 5 }){r ? 5 -C 5 H 4 P + Ph 2 Me} (94) [M = Cr (94t), W (94u)] 
and carbene-bonded ferrocenophanes (vide infra , 109q,r) (275). 
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Reaction of the metallated phosphine precursor and CpFe(CO) 2 l af¬ 
forded 1 '-iodo-l-(diphenylphosphino)ferrocene, the [2]ferrocenophane 
Cp(CO)Fe{V: r) 5 -C 5 H 4 }Fe(iq 5 -C 5 Fl 4 PPh 2 ) (98), and the CO-inserted [3]fer- 
rocenophane Cp(CO)Fe{V : rf-C(0)C 5 H 4 }Fe(iq 5 -C 5 H 4 PPh2) (99a) (276). 
The arsine analog gave only the (r-bound derivative Cp(CO) 2 Fe{T 7 l : rf- 
C 5 H 4 }Fe(T 7 5 -C 5 H 4 AsPh 2 ), and no evidence for the formation of complexes 
analogous to 98 or 99a was obtained. The tilt of the cyclopentadienyl rings 
away from the parallel plane toward the center of the molecule is 8.6° in 98 
and 6.0° in 97d, compared to the corresponding value of 26.7° in the 
[l]ferrocenophane containing the PPh link ( 272,274,276 ). 

Dimethylaminomethylferrocene reacts with Na 2 PdCl 4 in the presence 
of bases giving optically active planar chiral 2-dimethylaminomethylferro- 
cenylpalladium chloride (277). The cyclopalladated product was isolated 
as a dimer and used in the synthesis of a cr,7r-bimetallic monoglycinate 
complex (278) which reacts further with a second equivalent of sodium 
glycinate to afford a chiral anionic hexacoordinated complex of palladium 
(279). The dimer is cleaved by ligands to give neutral bimetallic com¬ 
plexes (T ? 5 -C 5 H 3 CH 2 N(Me) 2 {Pd(L)Cl})FeCp (100) [L = PPh 3 (100a), 
AsPh 3 (100b), py (100c), P(OR) 3 , R = Ph (lOOd), Et (lOOe), Me (100f)] 
and the cationic complex [(T 7 5 -C 5 H 3 CH 2 N(Me) 2 {Pd(dppe)})FeCp]PF 6 
(lOOg) (280). Oxidation of the iron center gives an Fe(III)—Pd(II) com¬ 
pound which exhibits a near-infrared band for heterometal electron trans¬ 
fer. Reaction of A^N-dimethylferrocenecarbothioamide with lithium 
tetrachloropalladate in methanol resulted in cyclopalladation in dimeric 
Fe-Pd complexes which were cleaved by ligands to give cis and trans 
isomers of (r ? 5 -C 5 H 3 C(NMe 2 )S{Pd(L)X})FeCp (101) [X = Cl or I, L = 
AsPPh 3 (101a), PPh 3 (101b), P(p-tolyl ) 3 (101c), PBu 3 (lOld), py (lOle), 
p J Bupy (101f)] (281). 

Phenylazoferrocene undergoes nickelation and palladation exclusively 
on the phenyl group, giving CpFe{7} 5 -C5H 4 N=NC 6 H 4 '0-MCp} (102) [M = 
Ni (102a), Pd (102b)] (282). The homoannular metallation products, (r? 5 - 
(2-C 5 H 3 C(0)Me){M(C0) 4 })FeCp (100) [M = Mn (100b), Re (100i)] were 



284 


SIMON LOTZ et al. 




( 35 ) 



obtained from the reaction of M(CO) 5 Me and acetylferrocene [Eq. (35)] 
(283). The competition of metallation by a phenyl substituent versus the 
cyclopentadienyl ring of a ferrocenyl group was explored in the reaction 
of benzoylferrocene with Mn(CO)jMe. The sole product of the reaction 
was tetracarbonyl(2-ferrocenylcarbonylphenyl)manganese lOlg, indicat¬ 
ing that metallation occurred only on the phenyl ring [Eq. (36)]. 

A cationic ruthenium complex containing the 6-ferrocenyl-2,2'-bipyri- 
dine unit as a ligand, [{Fc—CsHj—C 5 H 4 N}Ru(bipy) 2 ] + (lOlh) (bipy is 
2,2'-bipyridyl), was prepared and characterized spectroscopically (284). 



101h 
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The reaction of Pd(COD)CI 2 with ferrocenylbipyridine ligands leads to the 
removal of a proton a to the bipyridyl substituent and the palladation of 
this position (284). The bimetallic complexes ( 7 j 5 -RCsH 4 )Fe{(i 7 5 : 7) ] - 
C 5 H 3 —C 5 H 3 N—C 5 H 4 N)PdCl} (102) [R = H (102a), 2,2'-bipyrid-6-yl 
(100b)] crystallized as solvates, and a crystal structure determination of 
102b was recorded. The ruthenocenyl analog 102c of 102a was synthe¬ 
sized similarly. When ferrocenyl- and ruthenocenyl- 1 ,10-phenanthroline 
precursors were used no proton abstraction or metallation occurred, and 
the palladium was coordinated to the N and N' atoms of the 1,10-phenan- 
throlin- 2 -yl substituent. Deprotonation of CpFe^-CsFLi—P(Ph)C 5 H 5 } 
and subsequent reaction with 2 equivalents of F pl afforded the trimetallic 
complex CpFe{T 7 5 -C 5 H 4 P(Ph)FeCp(C 0 )C( 0 )CsH 3 -i 7 5 }FeCp (103), in 
which two ferrocenyl moieties are linked by a phosphorus unit which 
forms part of a metallocycle containing the third Fe center as an 
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FeCp(CO) fragment (285). A crystal structure determination of 103 con¬ 
firmed the molecular formulation. 



104 



Complexes where two Fc substituents are cr-bonded to a central transi¬ 
tion metal fragment form part of a general class of trimetallic compounds 
E. On the other hand, two metal fragments, one on each of the cyclopen- 
tadienyl rings of ferrocene, represent another type of arrangement (F) of 
metal fragments in trimetallic complexes. The ferrocenyl compounds 
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{CpFe(7^-CsH 4 )} 2 MCp 2 (104) [M = Ti (104a), Zr (104b), Hf (104c)] were 
synthesized by treatment of dicyclopentadienylmetal dichloride with ex¬ 
cess ferrocenyllithium (286). These air-sensitive crystalline solids were 
purified by sublimation and characterized spectroscopically. Titanocene 
dichloride reacts with 2 equiv of l,r-dichloro-2-lithioferrocene, and as a 
consequence of the chiral nature created by the substituents of the 1,1'- 
Cl 2 Fc group, the trimetallic product {Cl 2 Fc} 2 TiCp 2 (104d) exists in dl and 
meso forms (27J). By extraction of the product mixture with hexane/ 
dichloromethane (9: 1), it was possible to leach out the more soluble dl- 
isomer. Along the same route the trimetallic complexes of zinc and cad¬ 
mium with 2-(dimethylaminomethyl)ferrocenyl as chelating ligands, 
{CpFe(V: T 7 1 -CsH 4 CH 2 NMe 2 -C,N)} 2 M (105) [M = Zn (105a), Cd (105b)], 
were prepared (287). Paramagnetic (RCp) 2 V units have been bridged by 
ferrocene in a perpendicular fashion (E) (288). The reaction of dilithiated 
ferrocene with vanadocene chloride under the elimination of lithium chlo¬ 
ride afforded (T ? 5 -RC5H4)2V{T ? 1 :7? 5 -C5H4}Fe{r ? 5 :T ? , -CsH 4 }V(V-RC 5 H4) (106) 
[R = H (106a), Me 106b)]. The ferrocene bridge is distorted, and the 
structure can be described as having a significant contribution of T? 4 -coor- 
dinated Cp rings. A fairly long V-C cr bond of 2.17 A was observed in the 
solid state for 106b ( Table XIII). As far as we are aware, no examples of 
the structure type F where two different metal fragments are directly 
cr-bonded to the two cyclopentadienyl rings of ferrocene have been re¬ 
corded. 


Ph. 


PIT 


Ph 


s Ph 
Co 

/qD 

v PdL 


NMe. 


107 

The complex [{T 7 s -(dimethylaminoethyl)cyclopentadienyl}(T/ 4 -tetra- 
phenylcyclobutadiene)cobalt(I) reacts with dilithium tetrachloropalla- 
date(Il) in the presence of sodium acetate to give an ortho-palladated 
chloro-bridged dimer (289). The dimer can be cleaved by PPh 3 or Tlacac 
to give (7) 4 -C4Ph4)Co{r ? 5 :7) , -C.,H 3 CH 2 N(Me 2 )}PdLX (107) [L = PPh 3 , X = 
Cl (107a); LX = acac (107b)]. 
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TABLE XIII 

Selected Data for Bimetallic Complexes Containing Ferrocenyl Fragments 

2 




Complex 

Bond distances (A) 

Ref. 

No. 

ML„ 

R 

M-C, 

Fe-C, 

FeC(C 2 -C 5 ) 

94c 

ZrCp.CI 

_ 

2.314 

2.143 

2.039 

(265) 

94d 

WCp(NO) 2 

— 

2.164 

2.059 

2.036 

(266) 

94s 

RuCp*(PMe ,)2 

— 

2.123 

2.197 

2.045 

(271) 

97d" 

Zr('BuCp) 2 

2.284 

2.029 

2.048 

(272) 

94t 

Cr(CO), 

PPh 2 Me 

2.149 

— 

— 

(275) 

98 

FeCp(CP) 

PPh 2 

2.002 

2.049 

2.039 

(276) 

106b 

VCp' 2 

vc P ' 2 

2.171 

2.119 

2.037 

(288) 


a The Zr-Fe distance is 2.962 A. 


b. cr-Carbene Complexes. Fischer-type carbene complexes with 
bridging ligands which have 7r-cyclopentadienyl and o--carbene bonding 
functionalities have been synthesized and studied. The complexes 
L n M{r ? 1 :T ? 5 -{=C(OR)C 5 H4}}M'L, (108) [ML„ = W(CO) 5 , M'L„ = (r, 5 - 
C 5 H 4 )Mn(CO) 3 , R = Et (108a) (290); ML„ = CpMn(CO) 3 , M' = (rf- 
C 5 H 4 )Mn(CO) 3 , R = Me (108b), M'L„ = Fc, R = Et (108c)] (297) were 
obtained in good yields from reactions of lithiated cyclopentadienyl com¬ 
plexes and appropriate metal carbonyls. 



108 


109 
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A series of ferrocenyl carbene complexes of chromium, tungsten, and 
manganese L,MC(Fc)XR (109) [ML, = Cr(CO) s , XR = 0~NMe 4 + 
(109a), OMe (109b), OEt (109c), NH 2 (109d), NMe 2 (109e), NC 4 H 8 
(109f); ML, = W(CO) 5 , XR = O NMe 4 + (109g), OMe (109h), OEt (109i), 
NH 2 (109j), NMe 2 (109k), NC 4 H 8 (1091); ML, = Mn(MeCp)(CO) 2 , XR = 
OMe (109m)] was prepared to study the electronic effects of the ferro¬ 
cenyl substituent in the carbene ligand (292). The ferrocenyl substituent 
acts as an electron donor by means of resonance interaction with the 
carbene carbon atom. The lithiated metallocenes ruthenocene and 1,1’- 
dimethylferrocene react with the group VIB metal hexacarbonyls to yield 
bimetallic acylato complexes which, after subsequent alkylation with 
Et 3 OBF 4 , gave the corresponding carbene complexes (CO) 5 M- 
{=C(OEt)(r) 5 -C 5 H 3 R)M'(r} 5 -C 5 H 4 R)} (109) [M' = Ru, R = H, M = Cr 
(109n), Mo (109o), W (109p); M' = Fe, R = Me, M = Cr (109q), Mo 
(109r), W (109s)] (293). The solid state structure of 109p displays a 
ruthenocenyl substituent with coplanar cyclopentadienyl rings which are 
in a staggered conformation relative to one another, and located between 
two c/i-carbonyls of the W(CO) 5 fragment. The W-C(carbene) distance of 
2.23 A is longer than typical values recorded for alkyl substituents on 
carbene ligands of tungsten complexes (799). 

The cationic bimetallic carbyne complex [Cp'(CO) 2 Mn{=CFc}] + (vide 
infra ) reacts with LiXPh by attack on the carbyne carbon atom to afford 
the neutral carbene complexes MeCp(CO) 2 Mn{=C(Fc)XPh} (108) (X = S 
(108d), Se (108e), Te (108f)] (294) and with Na[Co(CO) 4 ] to yield MeCp- 
(CO) 2 Mn{=C(Fc)Co(CO) 4 | (108g) (295). The corresponding reaction with 
K[Mn(CC» 5 ] leads to the formation of a trimetallic complex in which two 
Mn fragments are joined by a metal-metal bond and the ferrocenyl substi¬ 
tuent forms part of a bridging ketene ligand. 



Chiral binuclear carbene complexes of the Fischer type were synthe¬ 
sized utilizing (7?,7?)-l-(l-dimethylaminoethyl)-2-lithioferrocene (296). 
The lithiated precursor reacts with tungsten hexacarbonyl to give a bime¬ 
tallic acylate, CpFe{7} 5 -2-C 5 H 3 {C(Me)HNMe2}C(OLi)W(CO)5} (109t), 
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which can be converted to a chiral amino-carbene complex, CpFe{ 7 / 5 - 2 - 
C 5 H 3 {C(Me)(OH)H}C(NMe 2 )==W(CO) 5 } (109u) in the presence of a pro¬ 
ton donor like tert- BuCl. Whereas diastereoisomeric furanoid carbene 
complexes, CpFe{T 7 5 - 2 -C 5 H 3 C(Me)HOC=W(CO) 5 } (110), were pro¬ 
duced at low temperature in the presence of a strong alkylating agent, 
the formation of the bimetallic carbene CpFe{T/ 5 - 2 -C 5 H 3 (CH=CH 2 )- 
{C(OEt)=W(CO) 5 } (109v) was favored at higher temperatures. In addition 
to the zwitterions 94t and 96u, the isomeric carbene-based [3]ferroceno- 
phanes (CO) 4 M{C(OMejQH^FeQHJ ) Ph 2 } (109) [M = Cr (109q), W 
(109r)] were isolated as stable, red crystals in yields ranging from 20 
to 40% from the reaction of the [l]ferrocenophane, l,l'-ferrocenediyl- 
phenylphosphine and PhLi with M(CO ) 6 (275). 


Me 



To study the influence of an electron-donating substituent on the alle- 
nylidene moiety in ruthenium complexes, the reaction of {T} 6 -C 6 Me 6 }Ru 
(Cl) 2 (PMe 3 ) and FcC(Ph)(OH)C=CH was studied (297). The product, a 
stable violet phenylallenylidene complex of ruthenium, {V-CsMe*} 
(PMe 3 )(Cl)Ru{=C=C=C(Ph)Fc} (111), was isolated. The compound 
Li[W{C(NMe 2 )CHSiMe 3 }(CO) 5 ], which was formed by the deprotonation 
reaction of W{C(NMe 3 )CH 2 SiMe 3 } and n-BuLi, reacted with CpFe(rj 5 - 
C 5 H 4 CHO) to yield (E)-[(V:V-C 5 H 4 CH=CHC(NMe 2 )W(CO) 5 )FeCp] 
(112) (298). Although some disorder was observed at the carbon atom of 
the double bond adjacent to the ferrocenyl substituent, the stereo¬ 
chemistry is clearly of the E configuration, placing the carbene fragment 
and the ferrocenyl group on opposite sides of the double bond. 

c. (T-Carbyne Complexes. Bimetallic complexes with bridging ligands 
which contain cr-carbyne and 7r-cyclopentadienyl links are generally pre- 
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pared from the corresponding bimetallic carbene complexes and suitable 
Lewis acids. The complex 108a reacts with Al 2 Br 6 in dichloromethane at 
low temperatures to give W(=C{Tj 5 -C 5 H 4 Mn(CO) 3 })(CO) 4 Br (113a) (290) 
and 109c with BClj in pentane to give Cr{=CFc}(CO) 4 Cl (113b) (299). 
Ferrocenyl carbene complexes 109c,i react with A1 2 X 6 affording the trans- 
carbyne complexes M{=CFc}(CO) 4 X (113) [M = Cr, X = Br (113c); M = 
Mo, X = Br (113d); M = W, X = Cl (113e), Br (1130] (299,300). The 
complexes 113c and 113f are converted to the corresponding iodocarbyne 
complexes 113g and 113h, respectively, by Lil. The X-ray structure deter¬ 
mination of 113c reveals cyclopentadienyl rings which are coplanar and 
almost in an eclipsed configuration relative to one another. Other struc¬ 
tural data are in good agreement with data recorded for mononuclear 
carbyne complexes (301). 




Ferrocenyl- and ruthenocenyl carbyne complexes W{=CCiH 3 
RM(C 5 H 4 R)}(CO) 4 X (113) [M = Ru, R = H, X = Cl (113g), Br (113h); 
M = Fe, X = Br, R = Me (1131)] were synthesized from the correspond¬ 
ing bimetallic carbene complexes 109p and 109s and MX 3 (M = B, X = Cl, 
Br; M = Al, X = Cl, Br) (293). The reaction of Mn(7} 5 -C 3 H 4 Li)(CO) 3 
with M(CO) 6 , (CF 3 C0) 2 0, and bidentate ligands afforded the cyman- 
trenylmethylidyne complexes M{^C—C5H 4 Mn(CO) 3 }(LL)(0 2 CCF 3 )- 
(CO) 2 (114) IM = W, LL = N,N,N',N'-tetramethylethylenediamine 
(TMEDA) (114a); M = Mo, LL = 2,2'-bipyridyl (bipy) (114b)] (302). 
Treatment of the molybdenum complex 114b with NaC 5 H 5 MeO- 
C 2 H 4 OMe or K[HB(pz) 3 ] (pz is pyrazol-l-yl) provides the complexes 
Mo{ssC—C 5 H 4 Mn(CO) 3 }(LLX)(CO) 2 (114) [LLX = tj 5 -C 5 H 5 (114c), 
HB(pz >3 (114d)]. 

2. n-Benzene Complexes 

Although the route utilizing lithiated cyclopentadienyl complexes and 
organometallic complexes with halogen ligands in the synthesis of 
heterobimetallic complexes with bridging cyclopentadienyl ligands was 
established long ago, the same procedure, as a general method for the 
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synthesis of the corresponding bimetallic complexes with bridging ben¬ 
zene ligands, has only relatively recently been exploited {303-305). The 
alternative method starting with 7r-haloarene complexes and reacting 
them with anionic organometallic substrates has also been used, but with 
limited success (306). Whereas the first method works well if the metalla- 
tion step is successful, the main drawback of the second method relates to 
the strength of nucleophilic character of the anionic metal substrate. By 
comparison, the nucleophilic character in the first case is localized on the 
metallated carbon, whereas the negative charge on the anionic complex in 
the second case is delocalized over the entire molecule (307). The ease of 
preparation and availability of (arene)Cr(CO) 3 as a starting material, espe¬ 
cially from refluxing Cr(CO) 6 in dibutyl ether in the presence of the appro¬ 
priate arene (308) or by utilizing Cr(CO) 3 (NH 3 ) 3 (309) as a source of 
Cr(CO) 3 , has resulted in the promotion of arene-chromium chemistry 
above the study of the chemistry of many other analogous transition metal 
arene-complexes. 



a. (r-Alkyl Complexes. Phenyl-bis(r/ 5 -cyclopentadienyl)tungsten hy¬ 
dride reacts with Cr(CO) 3 (NH 3 ) 3 to form benzene-bridged chromium com¬ 
plexes of tungsten, W{(y:T 7 6 -C 6 H 5 )Cr(CO) 3 }Cp 2 H (115a), which were con¬ 
verted with halomethanes to the corresponding halogen-substituted 
compounds, W{(y:y-C 6 H 5 )Cr(CO) 3 }Cp 2 X (115) [X = Cl (115b), Br 
(115c), I (115d)] (310). The highly nucleophilic metal carbonyl anions 
[CpFe(CO) 2 ] _ (Fp) and [Cp*Fe(CO) 2 ]~ (Fp* - ) react with para- and 
meta-substituted haloarenes (T 7 6 -C 6 H 4 RX)Cr(CO) 3 to form (rf-p- 
C 6 H 4 R{Fp})Cr(CO) 3 (115) [R = CF 3 , (115e), C0 2 Me (115f), Cl (115g), F 
(115h), Me (1151)], (y-m-C 6 H 4 R{Fp})Cr(CO) 3 (115) [R = CF 3 (115j), MeO 
(115k), Me (1151)], and (y-C 6 H 5 {Fp*})Cr(CO) 3 (115m) (306). A variety of 
less reactive metal nucleophiles CpMo(CO)f, CpNi(CO) - , Mn(CO)j, and 
Co(CO) 4 failed to react. Spectroscopic data reveal that the Fp substituent 
is electron-donating and that a low barrier of rotation about the cr bond of 
the arene to iron fragment exists. The molecular structure of 115g indi¬ 
cates that the cyclopentadienyl is on the open side of the arene ring and 
therefore anti with respect to the Cr(CO) 3 group. The Cr-Fe separation of 
3.943 A falls in the nonbonding range. The tetracarbonyl ferrate anion, 
Na 2 [Fe(CO) 4 ], reacts with (T 7 6 -C 6 H 5 Cl)Cr(CO) 3 to produce the anionic bi- 
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metallic complex Na[(T? 6 -C 6 H 5 {Fe(CO) 4 })Cr(CO) 3 ] (116a) (304). Spectro¬ 
scopic data suggest that the negative charge is located on the iron and that 
the bimetallic complex adopts an T) 6 -arene-alkyl structure as opposed to 
the alternative r^-cyclohexadienyl-carbene structure. The reaction of the 
lithiated arene (r} 6 -C 6 H 5 Li)Cr(CO )3 and iron pentacarbonyl, on the other 
hand, afforded the bimetallic acylate (T9 6 -o-C 6 H 4 ClC(0){Fe(C0) 4 })Cr(C0) 3 
(117a) which reacts through C-C bond formation with electrophiles to 
produce {7? 6 -C 6 H 4 (Cl)C(0)R}Cr(C0)3. The carbonylates M(CO)^ (M = 
Cr,W) react with (T^C 6 HsF)Cr(CO) 3 affording [Et 4 N][(^-C 6 H 5 {M- 
(CO) 5 })Cr(CO) 3 ] (116) [M = Cr (116b), W (116c)] (311). Spectroscopic 
data suggest that the molecules adopt the classic T} 6 -arene structure, 
which was confirmed by an X-ray crystal structure determination of 116c. 



ML n ML n 

n n 

115 117 


Hunter and co-workers (24,312-315) synthesized a series of phenylene- 
bridged polymetallic cr,77 complexes to serve as models for the production 
of linear-chain polymers with conducting properties. One-electron revers¬ 
ible oxidation processes were recorded at a stationary platinum-bead 
electrode for (r? 6 -l ,4-C 6 H 4 X{Fp})Cr(CO) 3 (117) [X = H (117a), Cl (117b), 
Me (117c), OMe (117d)]. Treatment with 1 equiv of AgPF 6 leads to the 
formation of the thermally stable but air-sensitive blue paramagnetic com¬ 
plexes (r} 5 -p-C t H 4 X{Fp})Cr(CO) 3 ] + PF 6 (312), Complexes 117a-d, as well 
as the complexes [(T7 6 -C 6 Hs{Fp # })Cr(CO)3 (117) [Fp # = (indenyl)Fe(CO )2 
(117e), Fp # = Fp' = (i 7 5 -C 5 H 4 Me)Fe(CO) 2 (1171)], were synthesized by 
the reaction of NaFp # and the corresponding fluoroarene complex 
(24,312). Electrochemical data confirm observations made from the spec¬ 
troscopic data that the Fp substituent is a strong electron-donating group 
(313). The cr-bonded Fp-acyl complex, p-C 6 H 5 —C 6 H 5 C(0)Fp when re¬ 
fluxed in dibutylether with Cr(CO) 6 gave (T9 6 -l,4-C 6 H 4 Ph{Fp})Cr(CO) 3 
(117g) (314). From the spectroscopic data, it was clear that the Cr(CO) 3 
group was 7r-bonded to the more electron-rich and sterically crowded 
benzene ring containing the Fp substituent. 

The advantage of using lithiated arene complexes of chromium as start¬ 
ing materials to synthesize o-,7r-bimetallic complexes of chromium and 
manganese was clearly demonstrated by reacting (T 7 6 -o-C 6 H 4 XLi)Cr(CO) 3 
(X = H, F) with Mn(CO) 5 Br (305). The products, (7} 6 -C 6 H 4 XC(0){Mn- 
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Fic. 6. X-Ray structure of CLs-|(V:i 7 s -C fi H,{Mn(CO) 4 PPh,})Cr(CO)i] (1171) [Lotz et al. 
(305)]. 


(CO) 5 })Cr(CO) 3 (118) [X = H (118a), F (118b)] have ( 7 , 17 -bridging benzoyl 
ligands. When the reaction was performed in the presence of P(OMe) 3 , a 
complex with a bridging benzoyl ligand, ds-(T) 6 -C 6 H 5 C( 0 ){Mn(C 0 ) 4 - 
P(OMe) 3 })Cr(CO) 3 (118c) as well as a complex with a bridging phenyl 
ligand, rij-(T) 6 -C 6 H 5 {Mn(CO) 4 P(OMe) 3 })Cr(CO) 3 (117h), were isolated. 
Refluxing 118c in hexane converted it quantitatively to 117h (315). How¬ 
ever, when the reaction was performed in the presence of PPh 3 only cis- 
( 7 > 6 -C 6 Hj{Mn(CO) 4 PPh 3 })Cr(CO) 3 (1171) was isolated. The more basic 
phosphine ligand inhibits acyl formation. Bridging benzoyl complexes of 
the type /ac-(7) 6 -C 6 H 5 C(0){Mn(LL)(C0) 3 })Cr(C0) 3 (118) [LL = dppe 
(118d), tmeda (U8e)] were obtained on performing the reactions in the 
presence of LL (305). Whenever <7,ir-benzoyl-bridged compounds were 
synthesized, it, ir-benzophenone-bridged bis(chromium) complexes were 
also formed. The solid state structure of 1171 (Fig. 6) reveals a highly 
distorted phosphine ligand located on the open side of the benzene ligand, 
away from the Cr(CO) 3 group. The disorder caused by the bulky phos¬ 
phine ligand is reflected in an exceptionally long Mn-C cr bond distance 
(2.103 A). Interestingly, the structure of 118c displays the phosphite on 
the same side of the Cr(CO) 3 group and interlocked between the carbonyl 
ligands (315). 
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Metallation of (7) 6 -C 6 H 5 R)Cr(CO)3 with «-butyllithium and subsequent 
reaction with 1 equiv of titanocene dichloride at low temperatures af¬ 
forded (7 ? , :7 ? 6 -C 6 H 4 R{TiCp 2 Cl})Cr(CO) 3 (117) [R = H (117j), o-F (117k), p- 
Me (1171), m-Me (117m), o-OMe (117n), m-NMe 2 (117o)], in high yields 
(316,317). The nature of substituents on the arene ring directs the posi¬ 
tions of metallation and determines the distribution of isomers obtained. 
Using the same procedure, but replacing Cp 2 TiCl 2 by Au(PPh 3 )CI, 
the cr,7r-benzene bridged-bimetallic complexes (V:T 7 6 -C 6 H 4 R{AuPPh 3 })~ 
Cr(CO) 3 (117) [R = H (117p), o-F (117q)] were synthesized (316). Spectro¬ 
scopic data reveal that both <x-bonded metal fragments increase the elec¬ 
tron density on the arene ring in comparison to the unsubstituted arene 
complex. The transfer of charge onto the arene ring by Fp ( d 6 ), Mn(CO) 4 L 
( d 6 ), and AuPPh 3 (d i(i ) can also be explained by 7r-resonance effects, 
whereas an increase in the electron density by TiCp 2 Cl (d°) was ascribed 
to inductive effects of metal fragments resulting in a highly polarized or 
bond (24,25,316). 



Structural studies of 117 (Table XIV) reveal small but significant distor¬ 
tions in the arene ring as a result of the or substituent being a metal 
fragment. Hunter et al. (24) observed that Fp substituents, and the ipso- 
carbon atom to which they were attached, were bent away from the 
Cr(CO) 3 group. It was shown that the magnitude and direction of distor¬ 
tions were independent of the steric bulk of the substituent and that 
deviations originated primarily from electronic effects. A model based on 
7 r-resonance effects was developed to explain the direction of distortions 
(24,318). However, little if any multiple bonding interaction between the 
ipso-carbon atom and or-bonded titanium (cP) was observed in the X-ray 
analysis of 117j,k,n (25,316). Arguments based on inductive charge ef¬ 
fects at the ipso-carbon atom by the electropositive Ti substituent satis¬ 
factorily explain the observed arene distortions. The endocyclic bond 
angle a will decrease, which is accompanied by the lengthening of the 
adjacent bonds. As a result of this, ring strain develops, which will lead to 
a movement out of the plane of the arene ring and away from the Cr(CO) 3 
group by the ipso-carbon atom (25,319). In fact, when this effect was 
enhanced by introducing electron-withdrawing substituents (R) in the 



TABLE XIV 

Selected X-Ray Data 0 for <t,7t-Bridged Arene Ligands in Bimetallic Complexes 



Cr(CO) 3 


Complex Bond distances* (A) Bond angles (°) 


No. 

ML„ 

R 

M-C, 

a 

b 

c 

d 

e 

f 

Cr-C, 

Cr-C„ 

a 

p 

6 

7 

e 

V 

Ref. 

116c 

W(CO) 5 - 

H 

2.217 

1.46 

1.36 

1.46 

1.41 

1.32 

1.51 

2.357 

2.259 

_ 

_ 

— 

_ 

_ 

_ 

{311) 

115g 

3* 

o 

* 

o 

o 

p-Cl 

1.990 

1.414 

1.413 

1.379 

1.388 

1.404 

1.417 

— 

— 

— 

— 

— 

— 

— 

— 

{306) 

117f 

Fe(Cp')(CO) 2 

H 

1.998 

1.423 

1.406 

1.398 

1.374 

1.419 

1.401 

2.294 

2.216 

116.2 

121.0 

120.9 

118.9 

120.8 

121.6 

{24) 

117c 

FeCp(CO) 2 

p-Me 

1.991 

1.422 

1.402 

1.400 

1.402 

1.420 

1.399 

2.286 

2.217 

115.9 

122.1 

121.3 

117.6 

120.8 

122.2 

{24) 

117e 

Fe(indenyl)(CO) 2 

H 

1.987 

1.408 

1.414 

1.385 

1.413 

1.387 

1.434 

2.300 

2.226 

116.6 

121.5 

120.5 

119.2 

120.5 

121.6 

{24) 

117i 

Mn(CO) 4 PPh 3 

H 

2.103 

1.422 

1.406 

1.405 

1.395 

1.408 

1.415 

2.308 

2.212 

114.6 

123.0 

119.5 

119.8 

119.2 

123.7 

{305) 

117j 

TiCp 2 Cl 

H 

2.228 

1.418 

1.405 

1.394 

1.413 

1.395 

1.439 

2.307 

2.226 

115.9 

121.9 

120.8 

119.3 

122.2 

119.9 

(25) 

117k 

TiCp 2 Cl 

o-F 

2.217 

1.396 

1.393 

1.381 

1.395 

1.390 

1.431 

2.333 

2.200 

111.3 

126.3 

120.7 

115.7 

122.8 

122.9 

{316) 

117n 

TiCp 2 Cl 

o- OMe 

2.240 

1.401 

1.404 

1.387 

1.387 

1.400 

1.443 

2.319 

2.225 

113.4 

124.2 

119.6 

120.1 

123.5 

119.2 

{317) 

117o 

TiCp 2 Cl 

m-NMe 2 

2.236 

1.392 

1.413 

1.379 

1.425 

1.430 

1.417 

2.300 

2.254 

117.5 

121.5 

119.6 

122.4 

123.1 

115.4 

{317) 

1171 

TiCp 2 Cl 

p-Me 

2.213 

1.405 

1.399 

1.390 

1.395 

1.409 

1.441 

2.278 

2.208 

114.6 

123.5 

120.2 

117.6 

119.5 

122.6 

{316) 


* Standard deviations omitted. 

* Cr-C„ represents averaged value, n ~ 2 to n = 6. 
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ortho position of the bridging benzene ligand, the a angle decreased with a 
corresponding increase in the electronegativity of the R substituent. 

The coordination of chromiumtricarbonyl to chlorobenzene and subse¬ 
quent carbonylation by palladium complexes to esters, aldehydes, 
amides, and a-oxo-amides is an example of bimetallic activation in homo¬ 
geneous catalysis (320). The oxidative addition of coordinated chloroben¬ 
zene to zero-valent palladium phosphine complexes gave cr, 7 r-bimetallic 
complexes (T ? 6 -C 6 H 5 {Pd(L 2 )CI})Cr(CO) 3 (118) [L = PPh 3 (118a), PEt 2 Ph 
(118b), PPh 2 Et (118c)] which are monomers. The dimers formed during 
the reactions with PPh 3 can be cleaved by the addition of the monodentate 
phosphines (L = PPh 3 , PPh 2 Et, PPhEt 2 ) or bidentate phosphines (L 2 = 
dppe or dpph), giving c7^-(7j 6 -C 6 H 5 {Pd(L 2 )Cl})Cr(CO)3 (118) [L 2 = dppe 
(118d), dpph (118e), dpph is bis(diphenylphosphine)hexane]. These aryl- 
palladium bimetallic compounds react with CO under atmospheric pres¬ 
sure by CO insertion, yielding (i7 fi -Cf,H‘ i C(0){Pd(L2)CI})Cr(C0) 3 (119) 
[L = PPh 3 (119a), PPhEt 2 (119b), L, = dpph (119c)]. The insertion of CO 
for the monomeric bimetallic complex with L 2 being dppe was unsuccess¬ 
ful, but the corresponding product c7.v-(T) 6 -C 6 H5C(0){Pd(dppe)Cl})Cr(C0) 1 
(119d) was nevertheless obtained after cleavage by dppe of the bis(acyl) 
dimer of triphenylphosphine. Cationic 7r-arene complexes of iron, Fe(r) 6 - 
p-C 6 H 4 RCl)Cp, reacted with ML„ to give [(i 7 6 -/?-C 6 H 4 R{ML„})FeCp] + 
(120) IR = H, ML,, = Re(CO) 5 (120a), CpW(CO) 3 (120b); R = Me, ML* = 
Re(CO) 3 (120c); R = Cl, ML,, = Re(CO) 5 (120d)] (114). The very reactive 
(CO). 3 MFBF 3 reacts with Re(CO),Ph by eliminating two carbonyl ligands 
to afford the cationic o-,7r-bridged benzene bimetallic complex [(tj 6 - 
C 6 H,{Re(CO) 5 })M(CO) 3 ]BF 4 (120) [M = Mn (120e), Re (120f)]. 


F 



121o 


Cr(C0) 3 



Diphenylacetylene reacts regiospecifically with bis(cyclopenta- 
dienyl)(o-fluorobenzyne)titanium, which was prepared by thermal pyroly¬ 
sis of Cp 2 Ti(<;>-fluorophenyl) 2 , to give the corresponding titanole. Treat¬ 
ment of the titanium metallocycle with Cr(CO) 3 (NCMe) 3 afforded the 
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o-, 7 r-bimetallic product 121a (527). A structure determination of 121a indi¬ 
cated a reaction mechanism of strong steric discrimination during the 
acetylene insertion process. The reaction of 3 equiv of o-fluorolithioben- 
zene with CpFe(CO) 2 I results in an intramolecular cyclization to give a 
metallocyclic product, which was characterized after derivatization with 
Cr(CO) 3 (NCMe) 3 , giving (7 ? 6 -C 6 H 4 -o-{Fe(Cp)(CO)KC(0)C 6 H4-2'-C 6 H4-2"- 
F})Cr(CO) 3 (121b) (322). 



ff.ff’.n o.it o',it' 


The acyls 1,3- and 1,4-C 6 H 4 {C(0)Fp # }2 are decarbonylated under con¬ 
ditions of reflux in dibutylether, and the resulting bis(iron-aryl) 
complexes, in the presence of an excess Cr(CO) 6 , give (r) 6 -l,n- 
C 6 H 4 {Fp # } 2 )Cr(CO) 3 (122) [Fp # = Fp = CpFe(CO) 2 , n = 3 (122a), n = 4 
(122b); Fp # = Fp' = (7 ? 3 -C 3 H 4 Me)Fe(CO) 2 , n = 3 (122c), n = 4 (122d)] 
(323,324). The analogous compounds (tj 6 -1 ,4 -C 6 H 4 {Fp} 2 )M(CO) 3 (122) 
[M = Mo (122e), W (122f)] were prepared similarly. Noteworthy is 
that when an excess of NaFp is added to solutions of (t) 6 -1,4- 
C 6 H 4 Cl{Fp})Cr(CO) 3 , no evidence for the formation of 122a was observed 
(313). The observed chemical shifts of the ipso-carbon atoms for the 1,4- 
substituted trimetallic compounds show an additional shielding in the l3 C 
NMR spectra, which implies that the Fp centers in these complexes are 
involved in an Fe-arene-Fe conjugative interaction. High electron den¬ 
sity on the arene ring is supported by IR data, which show a substantial 
transfer of electron density from the iron-containing fragment to Cr(CO) 3 
on complexation. Refluxing the bis(Fp) o--arene complexes in the pres- 
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ence of Cr(CO) 6 afforded ( V 6 -2,6-CMFp} 2 )Cr(COh (122g) and (r> 6 -4,4’- 
C| 2 H 8 {Fp} 2 )Cr(CO )3 (122h). Cyclic voltammetry and spectroscopic data 
indicate that the Cr(CO) 3 center is more electron-rich in the following 
order: 122g > 122h > 117g (314). 

Treatment of (1,4-dibromobenzene)Cr(CO) 3 with 2 equiv of /i-BuLi fol¬ 
lowed by 2 equiv of [Mn(CO) 5 Br] afforded the o\cr,7r-bridged compound 
(r ? 6 -C 6 H 4 {C(0)Mn(CO) 5 } 2 )Cr(CO) 3 (123) (305). Two equivalents of 
lithiated arenes react with titanocene dichloride to give the trimetallic 
complexes Cp 2 Ti{(T 7 6 -C 6 H 4 R)Cr(CO) 3 } 2 (124) [R = H (124a), p-Me (124b)] 
(316). Irrespective of whether 1 or 2 equiv of the lithiated fluorobenzene 
derivative was used, only one chloro ligand was displaced from titano¬ 
cene dichloride to give 117k and the 7r,7r-bimetallic compound (rfirf- 
C 6 H 5 -C 6 H 4 F-o-F){Cr(CO) 3 } 2 . 

Lithiated (7j 6 -C6Me 5 CF[ 2 Li)Cr(CO) 3 reacted with Cp 2 TiCl 2 to give the 
air-sensitive product (7j 6 -C 6 Me5CH 2 {Ti(Cp 2 )Cl})Cr(CO) 3 (125) (316). Ben¬ 
zyl chloride when reacted with Na[Co(CO) 4 ] affords an equilibrium mix¬ 
ture of the cr-bonded V-benzyl and 7r-bonded r^-benzyl complexes, which 
undergoes carbonyl insertion to give r^'-phenylacetylcobalt tetracarbonyls 
(325-327). The reaction of (^ 6 -C 6 Fl 5 CFI 2 CI)Cr(CO) 3 , on the other hand, 
gave the cr,7r-benzyl-bridged complex (r} 6 -C6H 5 CH 2 {Co(CO) 4 })Cr(CO) 3 
(126a) in pure form. The X-ray structure of 125 shows the benzyl group in 
the axial position and a relatively long Co-C(alkyl) bond length of 2.13 A 
(325,328). The reaction of (r ? 6 -C 6 H 5 CH 2 CI)Cr(CO) 3 or {t?M, 4-C 6 H 4 - 
(CH 2 Cl) 2 }Cr(CO) 3 with 1 or 2 equiv of [Co(DH) 2 (py)Cl] (DH is the mono¬ 
anion of dimethylglyoxime) gave the bimetallic and trimetallic compounds 
(V-C 6 H 5 CH 2 {Co(DH) 2 (py)})Cr(CO) 3 (126b) or (t? 6 -1 ,4-C 6 H 4 {CH 2 Co(DH) 2 - 
(py)h)Cr(CO) 3 (126c) (329). The Co-C(alkyl) bond distance of 126b is, as 
expected for a Co(III) ion in an octahedral ligand environment, signifi¬ 
cantly shorter than the corresponding distance in 126a. The interaction of 
Mn(CO) 5 FBF 3 with CpFe(CO) 2 {CH 2 Ph} affords the complex [(7i 6 -C 6 H r 
CH 2 {Fp})Mn(CO) 3 ]BF 4 (127) (330). 



128 

ML n 

R 

0 

R«(CO) 5 

H 

b 

FeCp(CO) 2 

H 

c 

r«(co) 5 

Me 


128 



300 


SIMON LOTZ et al. 



129 

ML n 

R 

a 

R«(CO) 5 

H 

b 

F«Cp(CO)2 

H 

c 

WCp(CO) 3 

H 

d 

r«(co) 5 

Me 


129 



The addition of the anions /x-(diphenylmethane)-, /x-fluorene-, and yx- 
(9,10-dihydroanthracene)-bis(tricarbonylchromium) to cationic com¬ 
plexes with 7r-bonded olefin ligands, [L„M(tj 2 -C 2 H 3 R)] + (R = H, Me), 
provided a synthesis for the o-.ir.ir-trimetallic complexes 128, 129, and 
130 (331). 


b. c r-Carbene and cr-Carbyne Complexes. Addition of the organome- 
tallic alkylating agent Fe(Tj 3 -C 6 Me 5 CH 2 )Cp, which contains an exocyclic 
methylene group, to the methoxycarbene complex [Fp*{C(OMe)H}]PF6 
effects electrophilic condensation to yield the bimetallic complex (if- 
C 6 Me 5 CH 2 C(OMe)H){Fp*})FeCp (131a) (332). The formation of a dica- 
tionic dinuclear carbene intermediate [{T) 6 -(T} 6 -C 6 Me 5 CH 2 C(H){Fp*})- 
FeCp}] 2+ (131b) was postulated after methoxide abstraction from reacting 
131a with CFjSOjSiMej at low temperatures. Treatment of 131c with 
HBF 4 -OEt 2 in the presence of PMe 3 quantitatively afforded the stable 
o-,7r-vinylarene diiron complex (E)-[(T} 6 -C6Me 5 CH=CH{Fp*})FeCp] + 
(131c). 

The high nucleophilicity of a metallated arene carbon atom was demon¬ 
strated by Fischer et al. (333) and utilized in the synthesis of bimetallic 
complexes with a^tr-carbene and ir-arene bridging ligand (B). They re¬ 
acted (rj 6 -C 6 H 5 Li)Cr(CO) 3 with M(CO) 6 , which after subsequent alkyla¬ 
tion with Et 3 OBF 4 gave the carbene complexes (r) 6 -C 6 H 5 C(OEt)= 
{M(CO) 5 })Cr(CO) 3 (132) [M = Cr (132a), Mo (132b), W (132c)]. Spectro- 
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scopic data are consistent with a higher electron density on the arene ring 
compared with the mononuclear arene complex. The carbene complexes 
132 react with borontrihalides to give bimetallic complexes with a 
<x-carbyne and 7r-arene bridging ligand (C). 

The compounds (7 ? 6 -C 6 H 5 C={M(CO)4X})Cr(CO)3 (133) [M = Cr, X = 
Cl (133a), Br (133b); M = W, X = Cl (133c), Br (133d)] were synthesized 
along this route. Bimetallic carbyne complexes (i 7 6 -o-C 6 H 4 (OMe)C= 
{M(0 2 CCF 3 )(CO) 2 L 2 })Cr(CO) 3 (133) [M = Mo, L 2 = tmen (133e), bipy 
(133f); M = W, L 2 = tmen (133g), bipy (133h), tmen is tetramethyleth- 
ylenediamine] were synthesized from the metallated anisole precursor, 
suspensions of the hexacarbonyls, and subsequent treatment with (CF 3 - 
C0) 2 0 followed by the addition of an equivalent amount of the biden- 
tate ligand (334). Reaction of 133 with NaCp or K{HB(pz) 3 } gave 
similar carbyne compounds, (i 7 6 -C 6 H 4 (OMe)C^{M(CO) 2 L})Cr(CO) 3 (133) 
[M = Mo, L = Cp (1331), HB(pz) 3 (133j); M = W, L = Cp (k)]. 


Ill 

BRIDGING LIGANDS WITH PARTICIPATING HETEROATOMS 


A. Ligands with Carbon-Heteroatom ir-Bonds 


Complexes with ^-coordinated heteroatoms and ^-coordinated hydro¬ 
carbons have been synthesized and studied extensively, but they are not 
included in this article. On the other hand, complexes with cr-bonded 
carbon atoms and 7r-bonded CX groups (X = heteroatom), with the ex¬ 
ception of species with metal-metal bonds and V ^-coordinated car¬ 
bonyl or isocyanide ligands, have been very rarely reported in the litera¬ 
ture. In most cases heteroatoms preferentially coordinate by lone pair 
electrons of the heteroatom and not through the adjacent unsaturated 
bond. 




h(C0)(CNBu l ) 


V 

Cp 2 m" \ 

V 


R 

MoCp(CO) 


134 135 

Shaw and co-workers (152) observed broad and poorly defined reso¬ 
nances in the 3I P NMR spectrum of (CO)jMo(/A-dppm) 2 Rh(CO)Br, 
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which suggested that two or more species were in rapid dynamic equilib¬ 
rium. Low-temperature studies revealed well-defined resonances of two 
independent heterobimetallic species. A possible explanation is that the 
two metal centers, which are held in close proximity by the bridging dppm 
ligands, promote the scrambling of carbonyls between the metal centers. 
Comparisons can be drawn with bimetallic activation of acetylides and 
acetylide migrations (Section II,C). The ^-coordination of the terminal 
carbonyl ligand was assigned on the basis of carbonyl absorptions re¬ 
corded in the IR spectra of [(CO) 2 Mo{/i-dppm} 2 {/x-(y :tj 2 -CO)}M(CO)L] + 
(134) [M = Rh, L = NCMe (134a), CN'Bu (134b); M = Ir, L = NCMe 
(134c), NCPh (134d)] (152). The combination of early transition metals 
(Zr, Ti) with late transition metals (Mo, W) via a single bridging 
monophosphido ligand was utilized by Stephan and co-workers (335-337) 
to study the cooperative activation of carbon oxide substrates. The pres¬ 
ence of an open coordination site on the Zr or Ti permits Lewis acid 
activation and “side on” coordination of the carbonyl ligand bound to Mo 
or W in Cp(CO)M(^-PR 2 )0u-V :y-CO)M'Cp 2 (135) [M' = Zr M = Mo, 
R = Cy (135a), Ph (135b), M = W, R - Ph (135c) (335); M' = Ti, R = Et, 
M = Mo (135d), M = W (135e) (336,337); M = Mo, R = Et, M' = Zr (135f) 
(337)]. Crystal structure determinations of 135b,d,e,f reveal M-M bond 
distances in the range of 3.21-3.25 A, M-P-M angles of 82-79°, and M'- 
O distances which are shorter than the M'-C bond distances for the tj 2 - 
coordinated carbonyl ligand. 

The activation of carbon monoxide in early/late heterobimetallic com¬ 
plexes has been the subject of numerous studies, especially because of 
possible applications in carbon oxide reduction chemistry (17). Examples 
of such compounds where the /i-r)':r) 2 -CO ligand is supported by a sec¬ 
ond bridging ligand are Cp(CO)Mo{£i-MeC(O)-C,0HM-' I 7 l: ' I 7 2 -CO}ZrCp 2 
(135g) (338,339), CpCo(m-CO){m-V: r) 2 -CO}ZrCp 2 (135h) (340), Cp(CO)- 
W{M-CRHM-V:y-CO}TiCp 2 (135i) (341,342), and Cp(CO)W{^-CR 
CH 2 HM-V:y-CO}TiCp 2 (135j) (343). 



Cp(PMe 3 ) 2 Ru. 


Bu 


'C=M^ 
ZrCp 2 (CI) 


137 


The bimetallic fulvalene complex CpZr0Li-i7 3 :i7 3 -C 5 H 4 —C 5 H 4 )0 ii- 
Cl) 2 ZrCp reacts with tert-butyl isocyanide to give Cp(Cl)Zr{/a-CioH 8 HAt' 
T 7 ':i 7 2 -C=N'Bu}ZrCp(Cl) (136) (344,345). During a sequence of insertion 
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Fig. 7. X-Ray structure of Cp(Cl)Zr{/Lt-Ci 0 H g ({/u.-i7 , :7j : -C=NBu , }ZrCp(CI) (136) [Herr¬ 
mann et al. {344)]. 


reactions and oxidation reactions of the dimeric Zr(III) precursor, it was 
shown that the fulvalene bracket between the two zirconium atoms re¬ 
mains intact. The structure of 136 in the solid state (Fig. 7) reveals a 
bridging (<x and n) coordinated /m-butyl isocyanide ligand and an inter- 
metallic distance which suggests that the isocyanide was inserted into a 
Zr-Zr bond during the reaction. The optimal orientation for the <j,77- 
bridging isocyanide ligand is achieved by rotation of 22.6° of the two Zr 
fragments around the C-C bond connecting the two cyclopentadienyl 
rings of fulvalene. The insertion of isocyanides into Zr-C bonds was 
observed in the reaction of zirconium and ruthenium dimetalloalkenes 
and /e/7-butyl isocyanide to give Cp(Me 3 P) 2 Ru{/x-T? l :'> f ? 2 -(CH=CRCN'- 
Bu)}ZrCp 2 Cl (137) [R = H (137a), Me (137b)] (346). The product initially 
formed has the nitrogen of the TjMminoacyl ligand on the outside position 
of the three ligation sites of the Cp 2 Zr moiety and rearranges to the ther¬ 
modynamically favored isomer with the nitrogen on the inside. Spectro¬ 
scopic and crystallographic data for 137a indicated a significant contribu¬ 
tion from a zwitterionic resonance form, which is facilitated by the 
disparate electronic properties of the two metal fragments. Contrary to 
the case for 137a, the metals and organic bridging group of 137b are 
twisted out of planarity to minimize interaction between the methyl and 
tert-buty\ groups. The reaction of carbon monoxide with Cp(PMe 3 ) 2 Ru{/i,- 
CH=CR}ZrCp 2 Cl affords the analogous r? 2 -acyl complexes Cp(Me 3 P) 2 - 
Ru{/x-t 7 1 :i7 2 -(CH=CRC(0)}ZrCp 2 Cl (138) [R = H (138a), 'Bu (138b)] 
(347). The spectroscopic data and structural data of 137a were interpreted 
to indicate that the zwitterionic forms are of greater importance than the 
neutral forms. The cyclic bimetallic titanoxycarbene complex Cp*Ti [ft- 
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CH 2 CH 2 C(0)}W(C0) 5 inserts /m-butyl isocyanide to give (CO) 5 W{/u,- 
V: T/ 2 -C(0)CH 2 CH 2 C=NC'Bu}TiCp* 2 (CN'Bu) (138) (348). 




The coordination chemistry of compounds containing phosphorus-car¬ 
bon multiple bonds, such as phosphaalkynes, phosphaalkenes, phos- 
phaallenes, phosphaalkenyls, and phosphaallyls, has been studied exten¬ 
sively (349,350). The chemistry is dominated by the donor properties of 
the phosphorus atom, and, as far as we are aware, no examples of bime¬ 
tallic or trimetallic compounds with bridging ligands which link metal 
centers by a carbon cr bond and a C=P or C=P n bond have been 
recorded. Once the lone pair on the phosphorus atom is involved in 
bonding, the unsaturated bond becomes a possible site for further coor¬ 
dination. 

B. Pseudoaromatic Heterocyclic ir-Ligands 

Five-membered and six-membered monoheterocycles, with the hete¬ 
roatom part of the tt conjugation in the ring, have planar structures. One 
important feature of these compounds is the degree of aromaticity in the 
ring. Heterocycles are often classified as being rr-excessive or ^--deficient 
(351) or in another approach as having hard or soft donor atoms according 
to the hard and soft acids and bases (HSAB) concept (352). It is these 
properties that will determine the coordinating properties of the heterocy¬ 
cles. The chemistry of heterocyclic ligands which are ^-coordinated to 
transition metals in sandwich and half-sandwich compounds is well docu¬ 
mented (353,354). They are potentially the best candidates to act as cr ,tt- 
bridges (cr-carbon) in bimetallic and trimetallic complexes. However, un¬ 
til relatively recently, very few examples of rr-bonded pseudoaromatic 
heterocycles, which are cr-bonded to a second transition metal fragment 
through a ring carbon atom and without a metal-metal bond, have been 
recorded. 

In the cobalt and rhodium sandwich complexes MCp{tj 5 -CRCR- 
BR'CHR"BR} the acidic proton of the diborole ring was removed and 
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139 


replaced by the isolable AuPPhj group to give the bimetallic com¬ 
plexes (i 7 5 -BR'CRCRBR'CR"{AuPPhj})MCp (139) [M = Co, R = Me, 
R' = Me, R" = H (139a); M = Rh, R = R' = Et, R" = Me (139b)] (355). 
Spectroscopic data and X-ray structure determination of 139a suggest that 
the ipso-carbon atom of the ring is pentacoordinated with a Au-C-M 
three-center two-electron interaction. 



The activation of thiophene by transition metals has been the topic of 
many investigations (356,357). A solution of (T7 5 -2-LiC 4 H;>RX)Cr(CO)3 
(X = S, Se) reacts wit h 1 equiv M n(CO)sX (X = Br, Cl) to give the 
bimetallic complex (r) 5 -XCRCHCHC{Mn(CO) 5 })Cr(CO )3 (140) (X = S, 
R = H (140a), Me (140b); X = Se, R = H (140c)] (23,358). Complexes 
140 are thermally unstable and irreversibly convert to an isomeric form in 
which the transition metals have exchanged coordination sites to give the 
remarkably stable bimetallic complexes (i 7 5 -XCRCHCHC{Cr(CO)s})- 
Mn(CO) 3 [Eq. (37)] (141). The process of metal exchange for the thienyl 
(tn) ligand can be represented by 


(V-tnMn, V-tnCr) —► (irj’-tnCr^MnMn). 

Spectroscopic data and structural data for 140a reveal a typically 7r-coor- 
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Fig. 8. X-Ray structure of (rj 3 -SCHCHCHC{Cr{CO) 5 })Mn(CO )3 (141a) (Waldbach et al. 
(23)]. 

dinated thiophene ligand with a substituent in the 2 position. In contrast, 
the corresponding data for 141a (Fig. 8) reveal a thiophene ring with 
allylic character and a cr-bonded chromium fragment with carbene charac¬ 
ter (23). 



U1 


When the reaction was performed under a CO atmosphere the major 
product of the reaction was a carbonyl-inserted bimetallic compound (tj 5 - 



[Waldbach et al. (359)]. 



TABLE XV 

Selected X-ray Data for o\7t-Brjdged Thiophene Moieties in Bimetallic and 

Trimetallic Complexes 
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c 4 -s 
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P 
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6 

V 

Ref. 

A 11 

_ 

_ 
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1.370 

1.424 

1.370 

1.714 

1.714 

115.3 

112.5 

112.5 

115.3 

92.2 

(357) 

140a 

Cr 

MnCO 

— 

H 

1.390 

1.428 

1.371 

1.764 

1.723 

107.6 

115.5 

111.8 

111.7 

93.3 

(23) 

141a 

Mn 

CrCO 

— 

H 

1.485 

1.472 

1.399 

1.768 

1.729 

109.7 

109.4 

115.3 

111.0 

94.5 

(23) 

143 

Mn 

CrCO 

— 

Mn(CO), 

1.421 

1.425 

1.385 

1.768 

1.763 

101.9 

117.6 

1 16.6 

103.9 

99.9 

(359) 

144 

Cr 

MnCO 

CO 

Mn(COK 

1.388 

1.427 

1.391 

1.768 

1.767 

109.1 

113.3 

115.7 

107.9 

93.8 

(359) 

142 

Cr 

MnCO 

CO 

H 

1.373 

1.424 

1.375 

1.748 

1.735 

114.3 

110.6 

112.5 

113.2 

88.5 

(358) 


tJ A represents thiophene. 
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SCRCHCHCC(0){Mn(CO) 5 })Cr(CO) 3 (142) [R = H (142a), Me (142b)] 
(23,358). The reaction of the dilithiated thiophene complex of chromium 
and bromopentacarbonylmanganese afforded the o-,o-,7r-trimetallic com¬ 
pound (7 ? 5 -2,5-SC 4 H 2 {Mn(CO)5}2)Cr(CO) 3 (142) (359). The complex 142 
will irreversibly participate in a metal exchange process, which is solvent 
and temperature dependent, to give the thermodynamically favored tri- 
metallic product (7? 5 -2,5-$C{Mn(CO)5}CHCHC{Cr(CO) 5 })Mn(CO)3 (143). 
Under a CO atmosphere a carbonyl was inserted into one of the Mn- 
C(thiopene) <x bonds, and no metal exchange was observed to give 
(7? 5 -2,5-SC{C(0)Mn(CO)5}CHCHC{Mn(CO) 5 })Cr(CO)3 (144). The solid 
state structure of 143 (Fig. 9) reveals a ^-bonded chromium fragment with 
some carbene character in the <x bond and a manganese fragment which is 
twisted out of the plane of the thiophene ring and away from the Mn(CO) 3 
group. The structural data of 144 on the other hand, are consistent with 
the delocalization of electron density from the thiophene ring onto the 
inserted carbonyl which lies in the same plane (Table XV). 



143 144 

The condensation of Cr(CO) 6 with FeCp(CO) 2 {2-CSCHCHCH} and 
FeCp(CO) 2 {2-benzofuran} is facilitated by the iron fragment and gave the 
bimetallic complexes 145 and 146 (360). 
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IV 

CONCLUDING REMARKS 

Bimetallic and trimetallic complexes, having an organic substrate as a 
bridging ligand by cr- and 7 r-attachments constitute an area of research 
only starting to develop. Many aspects have been neglected and need to 
be addressed by introducing new synthetic approaches. We can expect 
that future work in this area of organometallic chemistry will lead to new 
discoveries with fundamental implications and practical applications. We 
are well aware that this article is far from complete, but instead have 
rather opted to illustrate that cr,7r-bimetallic chemistry creates new chal¬ 
lenges and opportunities in developing unique reaction pathways resulting 
from the activation of organic substrates by more than one metal center. 

We have distinguished between two types of activation of a bridging 
ligand by two or more metal centers. The cr-bonded metal fragment may 
be in contact with the 7 r-bonded metal center through 7r-conjugation over 
the bridging ligand or may act as two independent activators of a noncon- 
jugated system, in the latter case, although bridging ligand activation is of 
a more local nature, this may be used advantageously in organic synthesis 
by exploiting electronic and steric properties of metal fragments. In the 
first case, 7r-resonance effects of the cr-bonded metal fragment affect or 
are affected by the 7r-bonded metal fragment. This brings the electronic 
properties of the two metal centers in direct contact with one another with 
potentially interesting consequences. cr,7r-Bridging ligands of dimetallic 
complexes may scramble or fluxionate between the two metal centers or 
may even have a preferred mode of coordination for a particular metal 
center (Sections II,C and III,B). Thus, it is not unlikely that under certain 
conditions a ligand will migrate from one metal center to the other. When 
more coordination positions are involved, it may even appear that the 
metals are exchanging positions (Section III,B) or selecting a preferred 
site with respect to the ligand environment. The idea or concept of a 
preferred location or site for a ligand or metal fragment in bimetallic and 
trimetallic complexes is established. Studies that will elucidate the mech¬ 
anisms of processes of this kind will stimulate further research in this 
area. 

We have shown that metal activation of <x,^-coordinated ligands in 
bimetallic complexes may facilitate carbon-carbon bond formation. How¬ 
ever, only a few examples of C-C coupling reactions of organic substrates 
have been recorded (Sections II,C-E), and this aspect of bimetallic acti¬ 
vation has not yet been fully exploited. Furthermore, activation of a 
bridging ligand in both the <x-frame and 7r-frame by different transition 
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metals, and in a cooperative manner, enables the researcher to study the 
chemistry of a bridging ligand under conditions of extreme activation. 
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NMR, 93-97 
structure, 83-87 
NMR, 93-100 

phosphido-bridged, 117, 122 
reaction with alkynes, 118-120 
reactivity, 107-124 
structure, 52-95 
synthesis, 42-83 
tetranuclear, structure, 90-93 
transition metal allenyl complexes, 45- 
48 

trimetallic allenyl clusters, 67 
trinuclear 
NMR, 99-100 
structure, 90-93 
Allenyl groups 
from alkynes, 77-81 
from allenes, 73-76 
binuclear allenylidenes, 62-64 
by carbon-carbon bond formation, 64- 
73 

by carbon-hydrogen activation, 73-81 
from dienes, 76-77 
from propargyl ligands, 53-56 
from propargyl metal complexes, 57-62 
reactions, 120-124 
transfer reagents, 62 
from transition metal propargylic com¬ 
plexes, 57 

Allenylidene complexes, 41, 52 
bimetallic, 62-64 
binuclear, 62-64 
ligand dynamics, 106-107 
mononuclear, 48-52 
Allenyl transfer reagents, 62 
Tr-Allyl/or-alkyl bi- and trimetallic com¬ 
plexes, 235-246 

Tr-AllylAr-carbene bi- and trimetallic com¬ 
plexes, 270-272 
Allyliron complexes, 232 
Amidinium hydrocarbon-containing prod¬ 
ucts, 118 

Aminoazocarboranes, methyl rheniumpen- 
tacarbo^yl reaction, 212 
Anthraquinone, methyl rheniumpentacar- 
bonyl reaction, 207 
Antiladder polygermanes, 12, 14 
Arene-chromium chemistry, 292 
Aryl-palladium bimetallic complexes, 297 


Atom abstraction-induced polymerization, 
[3]trithiaferrocenophanes, 160-162, 

164 

B 

7r-Benzene/o--alkyl bi- and trimetallic 
complexes, 292-300 
7r-Benzene/o--carbene bi- and trimetallic 
complexes, 300-301 

7r-Benzene/o--carbyne bi- and trimetallic 
complexes, 300-301 
Benzvalene, 4 

Benzyl manganesepentacarbonyl, reac¬ 
tions, 192-193 
Biferrocenes, 135 
Biferrocenylene, 135 
Bimetallic complexes 
o--alkyl complexes 
7r-alkenes, 224-235 
7r-alkynes, 246-265 
7r-allyls, 235-246 
allenylidene complexes, 62-64 
7r-benzene complexes 
cr-alkyls, 292-300 
o--carbenes, 300-301 
o--carbynes, 300-301 
o--carbene complexes 
7r-alkenes, 266-270 
7r-alkynes, 272-275 
7r-allyls, 270-272 

with carbon-heteroatom tt bonds, 301 — 
304 

7r-cyclopentadienyl complexes 
cr-alkyls, 275-288 
o--carbenes, 288-290 
(7-carbynes, 290-291 
with pseudoaromatic heterocyclic 
7r-ligands, 304-308 
cr-Tt-b ridging ligands in, 219-310 
Bis-alkenylallenylidene complex, 52 
Bisalkylidyne clusters, 67 
Bis(arene) complexes, 162 
Bis(cyclopentadienyI)(o-fluorobenzyne)tita- 
nium, 297-298 

1,2-Bis(2,6-diisopropylphenyl)-1,1,2,2- 
tetrachlorodisilane, 23, 24 
Bis(dimethylposphino)methane, 242 
Bis(diphenylphosphino)ethane, 252 
Bis(diphenylphosphino)methane, 242, 255 
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l,3-Bis(diphenylphosphino)propane, 
manganesepentacarbonyl alkyl reac¬ 
tion, 195 

[ 1,3-Bis(diphenylphosphino)propane]- 
(methylhydroxycarbene)tricarbonyl- 
manganese(I)triflate, 195 
/rartj-Bisdiynyl ruthenium monomer, 52 
Bis(hexafluoroacetylacetonato)palladium, 
244 

Bis(iron-aryl) complexes, 298 
1,2-Bis(supersilyl)disilane, 34 
Bis(trimethylsilyl)methyltrichlorogermane, 
29 

Bridging ligands, bi- and trimetallic com¬ 
plexes, 219-310 

<T-alkyl/7r-alkene complexes, 224-235 
<T-alkyl/7r-alkyne complexes, 246-265 
tr-alkyl/TT-allyl complexes, 235-246 
7r-benzene/<x-alkyl complexes, 292-300 
7r-benzene/o--carbene complexes, 300- 
301 

7r-benzene/tr-carbyne complexes, 300- 
301 

cr-carbene/77-alkene complexes, 266-270 
cr-carbene/77-alkyne complexes, 272-275 
tT-carbene/ 77 -allyl complexes, 270-272 
with carbon-heteroatom 7 r bonds, 301 — 
304 

77-cyclopentadienyl/cr-alkyl complexes, 
275-288 

77-cyclopentadienyl/rr-carbene com¬ 
plexes, 288-290 

7r-cyclopentadienyl/cr-carbyne com¬ 
plexes, 290-291 

with pseudoaromatic heterocyclic 
7r-ligands, 304-308 
/m-Butylacetylene, 68 
/£v7-ButyltrichlorosiIane, 16 

C 

Cadmium trimetallic complexes, 287 
Cage compounds, polyhedranes with 
silicon, germanium, and tin, 1-36 
<x-Carbene/7r-alkene bi- and trimetallic 
complexes, 266-270 
cr-Carbene/77-alkyne bi- and trimetallic 
complexes, 272-275 

o--Carbene/7r-allyl bi- and trimetallic com¬ 
plexes, 270-272 


Carbon monoxide 
bimetallic complexes, 302, 303 
manganesepentacarbonyl alkyl reaction, 
197-198 

rheniumpentacarbonyl alkyl reaction, 

210 

ruthenium allenyl complex reaction, 122 
Carbon-nitrogen-phosphorus polymers, 
133 

Carbonylation 
catalytic, 170 

manganese alkylpentacarbonyls, 173— 
174, 192, 198, 213 

Carbonylmetallates, 230, 233, 235, 246 
Carbyne-alkyne coupling reactions, 72-73 
Ceramics, iron silicon carbide ceramics, 
via pyrolysis, 150-151 
Chloro(allyl)platinum, 229 
Chlorogermanes, 6 

(2-Chloromethylallyl)iron tricarbonyl chlo¬ 
ride, 239 
Chlorosilanes, 6 

Chromium bimetallic complexes, 266-268, 
273-274, 289, 291-294, 297, 298, 300- 
301, 306, 308 

Chromium trimetallic complexes, 269, 
298-300 

Cluster compounds 
acetylide-bridged, 122 
allenyl, 76 
bisalkylidyne, 67 
expansion reactions, 116 
giant, 36 

metalloallyl, 72, 77 

polyhedranes with silicon, germanium, 
and tin, 1-36 

transition metal allenyl complexes, 57- 
124 

Clusters, allene bridged, 87 
Cobalt bimetallic complexes, 229, 234, 257, 
258, 270, 272, 287 

Cobalt sandwich complexes, 304-305 
Condensation reactions 
ferrocene-organosilane polymers by, 
136-137 

poly(ferocenylphosphines) by, 153-154 
Copper bimetallic complexes, 253, 256-258 
Copper trimetallic complexes, 246 
Cubanes, 1 
crushed, 12-14 
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electronic absorption spectra, 21-23 
octagermacubane, 2, 17-19 
octasilacubane, 1-4, 14-17, 36 
octastannacubane, 19-21, 22 
Cycloaddition reaction, 108 
Cyclopentadiene 

manganesepentacarbonyl alkyl reaction, 
200 

pentacarbonylrhenate reaction, 239 
7r-Cyclopentadienyl/o--alkyl bi- and trime- 
tallic complexes, 275-288 
7r-CycIopentadienyl/cr-carbene bi- and 
trimetallic complexes, 288-290 
e 3 -(Cyc!opentadienyI)carbonyltriphenyl- 
phosphine iridium, 205 
e 5 -(Cyclopentadienyl)carbony!triphenyl- 
phosphine rhodium, 205, 212 
7r-Cyclopentadienyi/tr-carbyne bi- and 
trimetallic complexes, 290-291 
Cyclopentadienyliron complexes, 231, 233, 
276 

Cyclopentadienyl ligands, 152, 154 
Cyclopentadienyl ring exchange, 164 
Cyclopentene, manganesepentacarbonyl 
alkyl reaction, 200 
Cyclotetragermanes, 6 
dimerization, 14 
phenylated, 8 
ring structure, 9 
synthesis, 8 

Cyclotetrasilane, 11, 133 
coupling, 14 
structure, 11 
synthesis, 8 
Cylcotrigermanes, 6 
Cyclotristannane, 20 
Cymantrenylmethylidyne complexes, 291 

D 

Davies-Green-Mingos rules, 230 
Decakis(2,6-diethylphenyl)decastanna- 
[5]prismane, 20-21 
Decarbonylation 

manganese alkylpentacarbonyls, 173 
rhenium alkylpentacarbonyls, 176 
Decarboxylation, ketene, 74 
Dewar benzene, 4 

Diacetylbenzene, orthometallation reac¬ 
tion, 186-187 


Diallytplatinum, 229 
Diazomethane, 67, 123 
2:3,5:6-Dibenzo-7,8-dimethyl-7,8-diphenyl- 
7,8-disilabicyclo[2.2.2]octa-2,5-dienes, 
7 

2:3,5:6-Dibenzo-7,7,8,8-tetraphenyl-7,8- 
disilabicyclo[2.2.2]octa-2,5-diene, 7 
Dichlorodimesitylsilane, 6 
Dichlorodiphenylsilane, 7 
Dichlorogermanes, 6 
Dichlorohexasilane, 136 
Dichloroorganosilanes, 164 
Dicyclopentadiene, manganesepentacar¬ 
bonyl alkyl reaction, 200 
Dienes, allenyl complexes from, 76-77 
(2,6-Diethylphenyl)trichlorosilane, 15 
Diffraction, manganesepentacarbonyl 
alkyls, 177-178 
l,r-Dihaloferrocenes, 135 
Dihalogermanium species, 152 
Dihydrogen, 122 

Diiron bridging complexes, 67, 68, 250 
(2,6-Diisopropylphenyl)trichlorogermane, 
26, 27 

(2,6-Diisopropylphenyl)trichlorosilane, 24 
(2,6-Diisopropylphenyl)triethoxygermane, 
26 

l,4-Dimetalla-2-butanones, 228 
Dimetallacyclopentane, 118 
Dimetallacyclopentenes, 117 
Dimetalloalkanes, 228 
Dimetalloalkenes, 228 
1,3-Dimetalloallyl cluster compounds, 77 
Dimetallocycle, 238 

1- Dimethylaminobut-2-yne, 78 
dodecacarbonyl triruthenium reaction, 

80 

(Dimethylamino)methylferrocene, 157 

2- Dimethylaminoprop-l-yne, 77-78 
M'-Dimethylferrocene, 164 
Diphenyldichlorosilane, 137 

1,2-Diphenyl-l ,2-dimethyl-1,2-dichlorodisi- 
lane, 7 

Diplatinum ^-phenylethenylidene complex, 
241 

Dirhodium complexes, 255 
Disilacyclobutanes, 133 
Disilane-bridged [2]ferrocenophanes, 157, 
163 

Disilene, 8 
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Disilene adduct, 8 
Disilyne, 35, 36 

1,2-Ditolyl-1,1,2,2-tetrachlorodisilane. 7 
Dodecacarbonyl triruthenium, 58, 81 
l-dimethylaminobut-2-yne reaction, 80 
2,4-hexadiene reaction, 76 

E 

Ethylidene-bridged complex, 71 
Ethyl manganesepentacarbonyl, 170 
instability. 192 
synthesis, 172, 173, 174 
(1-Ethyl- l-methylpropyl)trichlorogermane, 
18 

Ethyl rheniumpentacarbonyl, 170 
reactions 

alkyl migration, 210 
with transition metal hydrides, 206 
synthesis, 176 
Ethynyltrimethylsilane, 247 

F 

Facile decarbonylation, manganese al- 
kylpentacarbonyls, 173 
Ferrocene-based polymers, 134-136 
Ferrocene nucleus, 146 
Ferrocene-organosilane polymers, by 
condensation routes, 136-137 
| lJFerrocenophanes, 162 
bimetallic complexes, 282 
germanium-bridged, ring-opening poly¬ 
merization, 151-153 
phosphorus-bridged 
properties, 154-155 
ring-opening polymerization, 153-160 
synthesis, 154-155 
silicon-bridged, 163 
properties, 137-139 
ring-opening polymerization, 136-151 
synthesis, 137-139 

[2] Ferrocenophanes, bimetallic complexes, 

283 

hydrocarbon-bridged, ring-opening 
polymerization. 156-158 

[3] Ferrocenophanes, 161 
bimetallic complexes, 290 

Ferrocenylallenylidene complex, 51 
Ferrocenyl carbene complexes. 289, 291 


Ferrocenyl carbyne complexes, 291 
Ferrocenyl complexes, bimetallic, 280-288 
Ferrocenyllithium, 140, 280 
Fluoroarene complexes, 293 
Fullerene, 36 

Fulvalene ligand, 280, 303 
Furanoid carbene complexes, 290 

G 

[ IjGermaferrocenophanes, 152 
Germanium, cage and cluster compounds, 
1-14 

hexagermaprismane, 1, 2, 26-29, 31. 36 
octagermacubane, 2, 17-19 
Germanium-bridged 11Jferrocenophanes, 
ring-opening polymerization, 151-153 
Germyl lithium 

manganesepentacarbonyl alkyl reaction. 
188-189 

rheniumpentacarbonyl alkyl reaction, 

209 

Germyl triflate, 10 

Gold bimetallic complexes, 253, 255, 260. 
277, 295, 305 

H 

Hafnium bimetallic complexes, 258, 263, 
272, 278, 282 

Haloarene complexes, 292 
Heteroallenyl ligand, 71 
Heterobimetallic complexes, 220 
2,4-Hexadiene, dodecarbonyl triruthenium 
reaction, 76 
Hexagermabenzene, 4 
Hexagerma-Dewar benzene, 34 
Hexagermaprismane, 1, 2, 26-29, 31. 36 
Hexakis[bis(trimethylsilyl)methyl]tetracy- 
clo[2.2.0.0 2 * 6 .0 3<5 l hexagermane, 26 
Hexakis(2,6-diethylphenyl)cyclotristan- 
nane, 19 

Hexakis(2,6-diisopropylphenyl)tetracyclo- 
[2.2.0.0 2 - 6 .0 , s ]hexagermane, 26-29, 31, 
34 

Hexakis(2,6-diisopropyl phenyl )tetracyclo- 
[2.2.0.0 2 6 .0> 5 ]hexasilane, 23-26, 27, 31 
photochemical reaction, 31-34 
Hexasilabenzene, 4, 36 
Hexasila-Dewar benzene, 31-34 
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Hexasilaprismane, 1-2, 23-26, 36 
theoretical studies, 2-4 
4,5-Homotropilidene, 268 
0-Hydride elimination, manganesepenta- 
carbonyl alkyls, 192 
Hydrides, transition metal 
manganesepentacarbonyl alkyl reaction, 

183- 184 

rheniumpentacarbonyl alkyl reaction, 

206 

Hydrocarbyls, 93, 100, 117 
Hydroxycarbenes, 188 

I 

Iridium bimetallic complexes, 229, 230, 

232, 256, 262, 277 

Iron, diiron bridging methylidyne complex, 
67, 68 

Iron allenyl complexes, 89, 118 
Iron bimetallic complexes, 224, 228, 229, 
231, 232, 234, 240, 243, 250, 251, 253, 
257-269, 275-276, 280-288, 290-293, 
297, 298, 300, 308 
Iron methylidene complexes, 231 
Iron silicon carbide ceramics, formation 
via pyrolysis, 150-151 
Iron trimetallic complexes, 246, 269, 276, 
298 

Isobutyl rheniumpentacarbonyl, synthesis, 
176 

2-Isopropyl-l,3-butadien-3-yl ligated allenyl 
cluster, 124 

L 

Ladder compounds 
polygermanes, 19 

polyhedranes with silicon, germanium, 
and tin, 1-36 
polysilane, 11 
Lanthanide alkyls, 45 
Lewis acids 

manganesepentacarbonyl alkyl reaction, 

184- 185 

rheniumpentacarbonyl alkyl reaction, 

207 

Ligand dynamics 

allenylic hydrocarbyl units, 100-107 
allenylidene ligands, 106-107 


Lithio(diphenylphosphino)ferrocene, 155, 
282 

Lithium, polyhedrane synthesis, 6-8, 29 
Lithium iodide, manganesepentacarbonyl 
alkyl reaction, 188 

Lithium naphthalenide, polyhedrane syn¬ 
thesis, 6, 24 

M 

Magnesium, polyhedrane synthesis, 6-8, 

26 

Manganacycles, 199-200 
Manganese bimetallic complexes, 229-232, 
234, 240, 244, 245, 246, 251-253, 276, 
277, 283-284, 288, 289, 291, 293-295, 
297, 305-306, 308 

Manganesepentacarbonyl alkyls, 170, 171 
reactions, 183-206, 213 
with cationic species, 187-188 
with Lewis acids, 184-185 
with nucleophiles, 188-206 
orthometallation, 185-187 
with transition metal hydrides, 183— 
184 

structure, 177-183 
diffraction studies, 177-178 
spectroscopy, 178-182 
synthesis, 171-175 

Manganese trimetallic complexes, 276-277, 
298 

Mass spectrometry, manganese- and rhe¬ 
niumpentacarbonyl alkyls, 181-182 
Metal allenyl complexes, see Allenyl 
complexes 

Metal allenylidene complexes, see Alleny¬ 
lidene complexes 

Metal carbonyls, alkene reaction with, 77 

Metalloallyl clusters, 72 

Metallocene oxocarbene complexes, 270 

[1] MetaIlocenophanes, 164 
ring-opening polymerization, 131-156 

[2] MetaIlocenophanes, 164 
hydrocarbon-bridged, ring-opening 

polymerization, 156-160 
Metallocyclobutanes, 229-230 
Metallovinylketenimine complexes, 112 
Metal propargyl complexes, see Propargyl 
complexes 

Methylacetylide complex, 47 
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Methyllithium, 47 

Methyl manganesepentacarbonyl, 170 
reactions, 183-206, 213 
with cationic species, 187-188 
with Lewis acids, 184-185 
with nucleophiles, 188-206 
orthometallation, 185-187 
with transition metal hydrides, 183 — 
184 

structure, 177-183 
diffraction studies, 177-178 
spectroscopy, 178-182 
synthesis, 171-175 
Methyl propargyl ether complex. 53 
Methyl rheniumpentacarbonyi, 170 
reactions, 206-212, 213 
with cationic species, 207-208 
with Lewis acids, 207 
with nucleophiles, 208-212 
orthometallation, 207-208 
with transition metal hydrides, 206 
synthesis, 175-177 

Mg/MgBr 2 , tetrahedrane synthesis, 6-8, 
23, 26, 27 

Molybdenum allenyl complexes, 118 
Molybdenum propargyl complex 
dinuclear complexes from, 242 
structure, 83, 86 
Monolithioferrocene, 136 

N 

Nickel bimetallic complexes, 257, 258, 
283-284 

Niobium carbenes, 272 
NMR spectroscopy, see Nuclear magnetic 
resonance spectroscopy 
Norbornadiene, manganesepentacarbonyl 
alkyl reaction, 200 

Norbornylene, manganesepentacarbonyl 
alkyl reaction, 200 

Nuclear magnetic resonance spectroscopy 
allenyl compounds, 93-100 
ligand dynamics, 100-107 
manganese- and rheniumpentacarbonyi 
alkyls, 180-181 

O 

Octa-tm-butyloctagermacubane, 14 
Octagermacubane, 2, 17-19 


Octakis(fe/7-butyldimethylsilyl)pentacy- 
clo[4.2.0.0 2 .0\0 4 ]-octasilane, 15, 22, 

23 

Octakis(terf-butyl)octasilacubane, 16-17 
Octakis(2,6-diethylphenyl)octagermacu- 
bane, 18-19, 22 

Octakis(2,6-diethylphenyl)octasilacubane, 
15, 21-22, 23 

Octakis(2,6-diethylphenyl)octastanacubane, 
19-20, 22 

Octakis(l-ethyl-l-methylpropyl)pentacy- 
clo[4.2.0.0 2 - 3 .0 3 ^0 4 - 7 ]octagermane, 18 
Octakis(l,l,2-trimethylpropyl)octasilacu- 
bane, 17 

Octaphenylcyclotetrasilane, 7 
Octasilacubane, 1-2, 14-17, 36 
crystal structure, 15 
precursor, 16 
theoretical studies, 2-4 
Octastannacubane, 19-21, 22 
Oligo(ferrocenyJphosphine), 155 
Oligo(ferrocenylsilanes), 146, 148 
Organodichlorophosphine, 154 
Organohalostannanes, 163 
Orthometallation 

manganesepentacarbonyl alkyls, 185— 

187 

rheniumpentacarbonyi alkyls, 207-208 
Osmium allenyl complexes, 66, 81 
Osmium bimetallic complexes, 232, 235, 

246 

Osmiumtetracarbonyl, 232 

P 

Palladium bimetallic complexes, 229, 237, 
243, 260, 283, 285, 287, 297 
Pentacarbonylrhenate, 234, 245 
Pentacarbonylrhenium ethynide, 247 
Pentacarbonyl(tetrafiuoroborato)rhenium, 

247 

Pentastanna[Ll.l]propellane, 20 

Perfluoronorbornadiene, 230 
PES, manganesepentacarbonyl alkyls, 178 
Phenylazocarboranes, methyl rheniumpen¬ 
tacarbonyi reaction, 212 
(Phenylethynyl)titanocene, 263 
Phenyl rheniumpentacarbonyi, synthesis, 
175 

(IJPhosphaferrocenophane, 154 
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Phosphines 

manganesepentacarbonyl alkyl reaction, 
194-197 

rheniumpentacarbonyl alkyl reaction, 
211-212 

Phosphine sulfide, 161 
Phosphorus, bi- and trimetallic complexes, 
304 

Phosphorus-bridged [ l]ferrocenophanes, 
ring-opening polymerization, 153-160 
Photoelectron spectroscopy, manganese¬ 
pentacarbonyl alkyls, 178 
Platinum bimetallic complexes, 229, 230, 
237, 240, 241, 255, 256, 258-261 
cti-Platinum diacetylides, 257 
Platinum trimetallic complexes, 246, 265 
Polycarbosilanes, 150 
Polycondensation reactions, 132 
Poly(ferrocenylene persulfides), 133, 157, 
160-161, 162, 165 
Poly(ferrocenylenes), 135, 149 
Poly(ferrocenylethylenes), 156 
Poly(ferrocenylgermane), 152 
Poly(ferrocenylmethylene), 156-157 
Poly(ferrocenylphosphine), 154, 155 
from condensation reactions, 153-154 
properties, 156 

Poly(ferrocenylphosphine oxides), 153 
Poly(ferrocenylsilanes), 136, 139, 140-141, 
164 

ceramic precursors, 150-151 
properties, 141-150 
Polygermanes 
antiladder, 12, 14 
cage, 12-14 
ladder, 12-14, 19 
Polyhedranes, 1-2 
hexasilaprismane, 1-4, 23-26, 36 
octagermanes, 17-19 
octasilicubane, 1-4, 14-17, 36 
octastannacubane, 19-21, 22 
precursors, 6 
reducing reagents, 6-8 
substituent selection, 5 
tetrasilatetrahedrane, 1-4, 8, 34-36 
Polymerization, see Atom abstraction- 
induced polymerization; Ring-opening 
polymerization 
Polymers 

ferrocene-based, 134-136 


transition metal-based, by ring-opening 
polymerization, 131-165 
Polyphosphazenes, 133 
Poly(ruthenocenylethylenes), 160 
Polysilanes, 150 
ladder polysilane, 11 
Polysilapolyhedranes, 8 
Polysiloxanes, 133 
Poly(vinylferrocene), 134, 146 
Prismanes, I, 4 

electronic absorption spectra, 31 
hexagermaprismane, I, 2, 26-29, 31, 36 
hexasilaprismane, 1-4, 23-26, 36 
photochemical reactions, 31-34 
structures, 29-31 
Propargyl alcohol, 48, 49, 52 
Propargyl complexes 

bimetallic complexes, 242 
binuclear, structure, 87-90 
mononuclear, 93-97 
structure, 83-87 
reactivity, 107-124 
as source of allenyl groups, 53-64 
allenyl transfer reagents, 62 
binuclear allenylidenes, 62-64 
metal fragment condensation reac¬ 
tions, 57 

with metal propargyls, 57-62 
from propargyl ligands, 53-56 
synthesis, 42-52 

transition metal propargyl complexes, 
45-48 

Propargyl halides, 53 
Propionyl manganesepentacarbonyl 
instability, 192 
synthesis, 172, 173, 174 
Propionyl rheniumpentacarbonyl, synthe¬ 
sis, 176 

rt-Propyl manganesepentacarbonyl, 170 
synthesis, 172, 173 
2-Propyn-l-ols, 49 

Pyrolysis, iron silicon carbide ceramics by, 
150-151 

R 

Rhenium bimetallic complexes, 224, 229, 
232, 234, 239, 244, 245, 247, 297 
Rhenium-carbon bond, 176 
Rheniumpentacarbonyl alkyls, 170, 171 
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reactions, 206-212, 213 
with cationic species, 208 
with Lewis acids, 207 
with nucleophiles, 208-212 
orthometallation, 207-208 
with transition metal hydrides, 206 
synthesis, 175-177 

Rhenium trimetallic complexes, 246, 272- 
273, 298 

Rhodium allenyl complexes, 83 
structure, 88 

Rhodium ally] complexes, 227 
Rhodium bimetallic complexes, 226-227, 
255, 256, 262, 272 
Rhodium hydride, 226, 227 
Rhodium sandwich complexes, 304-305 
Ring-exchange reactions, 164 
Ring-opening polymerization, 132-133 
cyclic compounds, 133 
[ 1 ]ferrocenophanes 
germanium-bridged, 151-153 
phosphorus-bridged, 153-160 
silicon-bridged, 136-151 
[2]ferrocenophanes, hydrocarbon- 
bridged, 156-158 

[2]ruthenocenophanes, hydrocarbon- 
bridged, 158-160 
[l]silaferrocenophanes, 139-141 
Ring strain, metallocenophanes, 163 
Ruthenium allenyl complexes, 66-124 
Ruthenium bimetallic complexes, 228, 229, 
232, 234, 235, 238, 244, 280, 282, 285, 
289-291 

Ruthenium trimetallic complexes, 246 
[lJRuthenocenophanes, 162-163 
[2]Ruthenocenophanes, hydrocarbon- 
bridged, ring-opening polymerization, 
158-160 

Ruthenocenyl carbyne complexes, 291 


S 

cr-bond metathesis reaction, 46 
cr-7T ligands, in bimetallic and trimetallic 
complexes, 219-310 
Silacyclobutanes, 133 
Silacyclopentenes, 133 
[l]Silaferrocenophanes, 154 
dimerization, 163 


ring-opening polymerization, 139-141 
synthesis and properties, 137-139 
Silicon, cage and cluster compounds, 1-14 
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